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Co3qaH B IeJIAX OCBeLIeCHHA pe3yIbTaTOB UCCeqOBaHHM WU peasIbHbIX JOCTWKeEHHH M0 aKTyaJIbHbIM BOTIPOCaM 
MalIMHOCTpoeHHA, TexHoctbepHolt Oe30MacHOCTH, COBpeMeHHOM MeTaJIIypruH HU MaTepHanoBeyeHua. B xypHase 
OcBellaloTca IpoOMeMbl pa3BHTHA (PyHAaMCHTAIbHbIX MCCIeOBAHHH WM UHKeHePHbIX pa3paOoTOK B pale 
B@KHeMINIMX OOJIacTeH TexHM4ecKHX HayK. OHM V3 TlaBHbIX HallpaBIeCHHM JeATeIbHOCTH %*KypHasa ABIIACTCA 
MHTerpallua B Me*KyHaposHoe HHPOpMalMOHHOe MpocTpaHcTBo. 


2KypHal BkKIOUeH B HepeyeHb pelleHsHpyeMbIX Hay4HbIX H3aHHii, B KOTOPOM JOJDKHbI ObITb 
onyOJIMKOBaHbI OCHOBHbIe Hay4Hble pe3y.IbTaThI MccepTauMi Ha concKaHHe y4eHO cTeneHH KaHANAaTa 
HaykK, Ha concKaHMe yu4ueHow cTreneHu joKTOpa Hayk (IIepeyenp BAK) no culeqyrouyMM Hay4dHbIM 
cielMaJIbHOCTAM: 


2.5.11 — Ha3emuble TpaHciopTHO-TexHOJIOrM4eCcKHe CpeACTBa MW KOMIMICKChI (TeEXHH4eCKHe HaykKu) 
2.5.21 — Mammubi, arperaTsl 4 TexHOJIOrM4eckue Iporeccsl (TeEXHH4eCKHe HayKH) 

2.6.1 — Metannopeyenue u TepMu4eckant OOpaboTkKa MeTaJIJIOB M CIIaBOB (TEXHHYeCKHe HayKH) 
2.6.5 —TlopomkoBas MetTasuyprua UW KOMMO3HIMOHHbIe MaTepHasibl (TeXHM4eCKHe HayKH) 

2.6.17 — Matepuanopeyenue (TexHu4ecKHe HayKn) 

2.10.1 — HoxapHas Oe3omacHocTb (TexHHyecKHe HayKH) 

2.10.2 — Sxonoruueckas Oe30nacHocTh (TexHHYeCKHe HayKH) 

2.10.3 — besonacHocTb Tpyya (TexHu4eckue HayKn) 
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Abstract 

Introduction. The production of reinforced concrete products, being the basis of modern industrial construction, is a 
very significant source of dust emissions. Traditional cleaning methods are often unable to ensure the compliance with 
air quality requirements, and replacing them with more modern ones requires significant capital and operational costs. 
One of the most promising ways to solve the problem is the use of a new class of inertial dust collectors with counter 
swirling flows, combining constructive simplicity and low operating costs with sufficiently high work efficiency. The 
aim of the work was to analyze the factors influencing the magnitude of the breakthrough coefficient of fine dust 
particles, as well as the development of constructive solutions aimed at reducing it. 

Materials and Methods. An analytical review of technical solutions aimed at reducing the breakthrough magnitude was 
carried out, on the basis of which the designs of the lower input of dust collectors with counter swirling flows were 
developed. Methods of computational experiment and field measurements were used to confirm the effectiveness of the 
developed structures. 

Results. By means of numerical experiments, the information about the aerodynamic flow pattern in the separation 
chamber of the CSF dust collector was obtained, and the breakthrough magnitude of dust particles was estimated. The 
solutions were developed for the design of the lower coaxial input of the swirling flow of dust collectors on the counter 
swirling flows, taking into account the features of dust pollution generated during the operation of technological 
equipment of reinforced concrete production. 

Discussion and Conclusion. The presence of a displacement of the axis of the secondary swirling flow from the axis of 
symmetry of the separation chamber was established. The consequence of this was the non-coaxiality of the primary 
and secondary flows, which led to a decrease in the intensity of the twist, the formation of parasitic vortices, and, as a 
consequence, an increase in the value of the breakthrough coefficient. This effect was especially pronounced with a 
large proportion of fine dust particles, characteristic of dust pollution formed during the production of reinforced 
concrete products. The proposed design of the coaxial input of the secondary swirling flow reduced the magnitude of 
this eccentricity, which made it possible to achieve a significant reduction in the breakthrough magnitude of fine 
particles characteristic of dust emissions of reinforced concrete industries. The results obtained can be effectively used 
both in the production of reinforced concrete products and in other branches of construction production, which is 


characterized by intensive formation of fine dust emissions. 


Keywords: dust collector with counter swirling flows, dust particle breakthrough coefficient, enterprises for the 
production of reinforced concrete products and structures 
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AHHOTalNA 

Beedenue. Ilpov3soyqcTBo >%*xene300eTOHHEIX v3qenM, Oyaqy4aH OCHOBO COBpeMeHHOTO MHAYCTpHasbHOro 
CTPOUTeCJIBCTBA, ABJIACTCA BECbMA CYII[CCTBCHHBIM HCTOUHMKOM IIbIIeBbIX BbIOpOcoB. TpaMIHOHHbIe MeTObI OUMCTKH 
3auacTy!Io HecrocoOHbI OOecreuHTb coObmFOqeHHe TpeOoBaHHii K KayeCTBY BO3TYUIHOM cpeybI, a 3aMeHa UX OosIee 
COBPCMCHHBIMH TpeOyeT 3HAYHTeCJIbHBIX KalIMTaJIbHbIX WM 9KCIIIyaTalMOHHbIX 3aTpaT. OHM 43 HaHOolee 
II€PCHeCKTHBHBIX IyTel pellicHua MpOOMeMBbI ABIIAeCTCA IPHMeHeHHe HOBOLO Kacca MHEPIMOHHBIX IIbIIeyIOBHTeIel Co 
BCTPCUHBIMH 3aKPYYCHHbIMH MOTOKAMH, COUeCTAIOINIMMM KOHCTPyKTHBHY!O IIPpOCTOTY WM HM3KHe 3KCIUIyaTallMOHHBle 
3aTpaTbI C WOCTaTOUHO BbICOKOM 9ddekTHBHOCTHIO padoTsI. Lebro paOoTH! Ob aHaIM3 (aKTOPOB, OKa3bIBarOIMX 
BIIMAHHe Ha BeIMYMHY KOIPMHIMeHTA MpPpOCKOKa MeJIKOAMCIepCHbIX MBUICBbIX 4aCTHI, a TakoKe pa3padoTKa 
KOHCTPYKTUBHBIX pellieHHH, HallpaBJICHHBIX Ha ero CHWKeHHE. 

Mamepuanoi u memoooi. Wponeyen aHanuTM4eckui 0630p TexHWuecKHX pellieHui, HallpaBJICHHbIX Ha CHWKeHMe 
BeJIM4MHBI MpOCKOKa, Ha OCHOBaHHM KOTOPBIX pa3paOoTaHbl KOHCTPyKUMM HIDKHerO BBOJa IIbIIeyIOBUTeel co 
BCTPeUHBIMM 3aKpy4YeHHbIMH oTOKaMu. Jia MOATBepxKTeHuA 3)deKTHBHOCTU pa3paOOTAaHHBIX KOHCTPyKUMi 
IIPHMCHAIHCh MCTOJbI BBIYHCIIMTEMIBHOTO IKCIICPHMeHTa UM HATYPHBIe 3aMeppsI. 

Pezyiemamvut ucciedoeanua. TlocpeqcTBoM [pOBeyeHHaA UMCICHHbIX 3KCIICPHMCHTOB MOJYYeHbI cBezeHuA 00 
a3pOAMHAaMM4ecKOl KapTHHe TeyeHuA B CelapallMOHHOM KaMepe bieyroBuTena B3II, a Takxe MpoM3BeyeHa OleHKa 
BeJIMYHHBI MpOCKOKa TIbUIeBbIX YacTHI. Pa3paOoTaHbI pellieHHa MO KOHCTPyKTHBHOMYy O@OpMJICHHIO HWKHeTO 
KOaKCHaJIbBHOrO BBOJa 3AKPYACHHOTO MOTOKA MbUIeyIOBUTeeH Ha BCTPC4HBIX 3AKPYYCHHBIX MOTOKAaX, YYNTbIBAIOMINe 
OcoOeHHOCTH IbIJICBBIX 3arps3HeCHHH, oOpa3yroluxcd pw padoTe TexHosorMyeckoro odopynoBaHua 
2Ke1e300CTOHHOLO IPOu3BOCTBA. 

Ooécyotcdenue u 3akuouenue. beiio0 ycTaHoBIIeHO HasIM4une CMeLICHHA OCH BTOPHYHOTO 3aKpyYeHHOrO MOTOKa OT OCH 
CHMMEeTpHM cellapallwOHHOW KaMepbi. CileqcCTBHeM 3TOrO ABIIACTCA HeKOaKCHasIbHOCTh HepBHYHOrO HM BTOpHYHOro 
MOTOKOB, IPHBOAAad K CHWKCHHIO HHTCHCHBHOCTH 3aKPYTKH, OOpa30BaHHIo Mapa3HTHbIX BUXpeli, HW, KaK CJIe{CTBUe, 
YBeIMYeHHIO 3HaYeHHA KOIPMULMEHTAa IpockoKa. OcoOeHHO CHJIBHO JaHHBIii 9cceKT MpoABIAeTCA IPH OOMbIION Woe 
MCJIKOJMCIepCHBIX TIbUICBbIX YACTHI, XapaKTepHOM JIA WbIICBbIX 3arpA3HeCHHM, OOpa3yrOlluxca IPH MpOM3BoOACTBe 
*Kee300eTOHHEIX Vv3qemHu. UpennoxeHHad KOHCTpyKIMA KOaKCHaIbHOrO BBOJa BTOPHYHOTO 3aKpy4eHHOrO OTOKAa 
CHWKaeT BeJIMYMHY JaHHOTO 9KCIICHTPHCUTeTa, YTO MO3BONIACT MOCTHTaTb CYIICCTBCHHOrO CHWKCHHA BeJIMYMHBbI 
IIpOCKOKa MeJIKOAMCHepCHBIX UACTHI, XapaKTePHBIX JIA TBIICBbIX BbIOPOCOB 2x*ese300eTOHHBIX IPOM3BOJCTB. 
TlomyueHHbIe pe3yIbTaTbI MOryT ObITh 3eKTHBHO MCHOMb30BaHbI KAK B TPOM3BOJCTBe 2Kee300CTOHHBIX H3eIHi, 
TaK WU B ApPyrMX OTpaciax CTIPOWTeIbHOTO MpOu3BOACTBAa, [Id KOTOPOrO xXapakKTepHO MHTeCHCHBHOe OOpa30BaHHe 


MCJIKOAMCHeCpCHBbIX TbIICBbIX BBIOPOCOB. 


KoroueBble cJI0Ba: TIBIICYIIOBUTCJIb CO BCTPC4UHbIMH 3aKPYUCHHbIMU WOTOKaMH, Ko3ulueHt TpockoOKa WacTHI 
TIBIIN, IpeAIpHATHA NO WpOH3BOACTBY 2Kee300€TOHHBIX W3 yeu KOHCTpyKuHMii 
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Buaarojapuocrn. ABTOpBI BbIparxKaroT OslaroaapHocTs peqakKWHH HU pelweH3eHTaM 3a BHHMaTeJIbBHOe OTHOMICHHE K 


CTaTbe HW YKa3aHHble 3aMedaHHA, KOTOPbIe NO3BOJINJIN MOBbICHTb Ce KadeCTBO. 


Ais uuTupopanusa. Mecxu b.4., Esrymienxo A.V, boposxos JIT. Texuwueckve pelieHua 10 CHWKeHHIO BeJIMYMHBL 
TIpOCKOKa IBUICBLIX YACTHIL MPH OYMCTKe BEIOPOCOB MpOw3BOACTBA 2%Kee300eCTOHHBIX H3]eIMH MbUIeyIOBUTeIAMH CO 


BCTpe4HBIMH 3aKpy4eHHBIMH WoTOKaMH. Bezonacuocmb mexuozeHHoix u npupoduoix cucmem. 2023;7(4):7-19. 
https://doi.org/10.23947/2541-9129-2023-7-4-7-19 


Introduction. The designs of dust-collecting devices for dust and gas cleaning are gradually becoming more 
complicated [1-5], which is accompanied by an increase in the costs of their production. This circumstance makes it 
difficult to widely use new types of dust collectors: wet washing devices, electric filters, fabric dust collectors of 
various types. Modern requirements in the field of air cleanliness require the expansion of the use of dust collecting 
devices and increasing the efficiency of their operation [6]. A promising way to resolve this contradiction is to improve 
inertial methods of dust collection, characterized by constructive simplicity and low cost of operation. One of the 
directions of development of inertial methods of dust collection is dust collectors on counter swirling flows (hereinafter 
referred to as CSF). Their main advantage is lower values of the dust breakthrough coefficient compared to cyclones, 
the stability of work and the simplicity of structures [6]. However, the spread of this type of dust collectors is 
constrained by insufficient information on the effectiveness of application in specific areas of industrial production. In 
addition, there is a wide variety of design schemes of such devices, each of which requires fine-tuning in the conditions 
of a specific technological process. Therefore, the development of technical solutions for the adaptation of dust 
collectors on counter swirling flows is an urgent task. 

There are two main types of dust collectors on counter swirling flows. The first type includes devices in which 
compressed air is used to create a secondary swirling flow. The inlet through which compressed air is supplied is 
located on top and is called secondary. The second type includes devices created on the basis of cyclones [6-8]. The 
main difference between CSF devices and cyclones is that a lower inlet is added to the usual upper inlet. A patent was 
obtained by E. Schaufler and H. Zennek for the described designs in 1953 (Fig. 1) [9]. 


Fig. 1. Vortex chamber for separation of solid and liquid aerosol particles by means of an auxiliary swirling gas flow: 
1 — separator; 2 — primary flow inlet; 3 — nozzle for secondary flow; 
4 — exhaust pipe; 5 — jack washer; 6 — dust collection hopper [10] 
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In 1972, the designs of nozzle (Fig. 2 a) and vane (Fig. 2 b) types were proposed [6]. 


Fig. 2. Vortex dust collectors: a — nozzle type: 
1 — chamber; 2 — inlet pipe; 3 — vane swirler of the "socket" type; 4 — nozzles; 5 — outlet pipe; 
6 — retaining washer; 7 — dust hopper; 5 — vane type: 1 — chamber; 2 — inlet pipe; 3 — vane swirler of the "socket" type; 
4 — annular vane swirler; 5 — outlet pipe; 6 — retaining washer; 7 — dust hopper [10] 


The exclusion of inertial dust collectors from the layout schemes of cleaning systems, as well as the use of cyclones 
of outdated design as the first stage, negatively affects the resource, energy efficiency and operating costs. Dust 
collectors on counter swirling flows, due to the increased efficiency of separation of medium and small fraction 
particles, can significantly relieve more expensive and energy-intensive dust collecting equipment, increasing the 
operational characteristics of emission purification systems and reducing the cost of their operation. 

Currently, the study of CSF devices and their introduction into various productions are conducted by several 
research teams of Russia. In the works of V.N. Azarov, S.A. Koshkarev, N.M. Sergina, D.P. Borovkov, etc. a number of 
design changes in the CSF devices have been proposed, and various schemes of dust cleaning systems have been 
developed, in which cyclones, CSF and bag filters are used [6]. For example, in order to increase the reliability of 
operation of CSF devices, including at the factories of the concrete industry, it is proposed in a number of designs to 
take the bottom inlet vortex generator outside the devices [6, 11]. In addition, a number of devices with several upper 
inlets have been developed, for example, dust collectors (Fig. 3) [6]. 


Fig. 3. Diagram of the DC-CSF dust collector: 
1 — housing; 2 — inlet of the secondary dust flow; 3, 4, 5 —inlets of the primary dust flow; 
6 — outlet of the purified air; 7 — dust collector; 
8 — jack washer; 9 — swirler; 10 — hatch for cleaning [10] 
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Works by E.I. Boguslavskiy, V.N. Azarov and others are devoted to stochastic models for CSF calculation [6, 11]. In 
works [12-15], the calculations of fractional efficiency of CSF devices using modern software systems were carried out. 

As follows from the analysis of literature sources on this topic, at present, the design schemes of CSF dust collectors 
differ mainly in the type of secondary flow inlet (with an external and internal vortex generators), and the main efforts 
of researchers are aimed at studying aerodynamic parameters and creating calculation techniques. However, it is the 
improvement of the design of the secondary inlet that allows reducing the value of the breakthrough coefficient. The 
main feature characteristic of dust particles formed during the production of reinforced concrete products is their fine 
dispersion [16, 17]. Particles of small fractions are more prone to slip, especially in conditions of insufficient intensity 
of the secondary flow twist. One of the factors influencing the intensity of the twist is the geometric configuration of the 
secondary inlet, which introduces serious distortions into the kinematic structure of the flow in the lower region of the 
separation chamber of the CSF dust collectors [17]. In addition to reducing the overall intensity of the flow twist, when 
it interacts with the secondary inlet pipe, undesirable idle vortices occur that can cause entrainment of already captured 
dust particles [18]. 

The aim of this study was to analyze the factors that had a decisive influence on the value of the breakthrough 
coefficient of fine dust particles of reinforced concrete production and to develop appropriate design solutions for the 
design of the lower inlet of the swirling flow of CSF dust collectors. 

Materials and Methods. The study of the parameters of movement of dust-air mixture in the lower part of the 
separation chamber of the dust collector with counter swirling flows was carried out by means of a computational 
experiment. The kinematic model of the motion of gas dust collector in the separation chamber on the counter swirling 
flows, implemented using the numerical solution of Navier-Stokes equations and continuity, was closed using the k-e 
turbulence model in the COSMOSFlow Works application for the SolidWorks software. 

To solve this problem, models of CSF dust collector of several standard sizes with standard strapping were built. 
The dimensions of the main elements of the vortex dust collector were accepted as typical for CSF and CIF series of 
vortex dust collectors. Dust collectors with separation chamber diameters of 160, 350 and 700 mm were used as 
prototypes in the construction of models. Figure 4 provides the scheme of a computational model (made with the use of 
SolidWorks numerical modeling environment). At the first stage, initial and boundary conditions were set to bind the 
mathematical model to a specific task and to the computational domain. 


Fig. 4. Scheme of computational model of vortex dust collector 


The experimental research plan included three series of experiments conducted for different values of the flow rate 
supplied to the inlet section of the lower vortex generator (zone B) (Fig. 5). 
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Fig. 5. Cross section of the lower inlet pipe of the secondary dust and gas flow of the CSF dust collector 


The scheme for determining the design parameters of the lower inlet is shown in Figure 6 (made with the use of 
SolidWorks numerical modeling environment). 


Tangential vortex 
generator 


Outlet 


Horizontal pipe 
1 


Fig. 6. Characteristic design dimensions of the secondary flow vortex generator: 
1 — length of the swirling flow pipe related to the diameter (d); 
a — relative width of the tangential branch pipe related to the diameter (d); 
a — angle of entry of the tangential pipe 


After calculating the values of gas flow velocities characterizing the flow field in the calculated sections, the 
trajectories of dust particles of fractions characterized by the values of equivalent diameters of dust particles 
d, = 10-100 microns were calculated. Based on the results obtained, the fraction of the number of particles entering the 
volume of the separation chamber of the vortex dust collector through the upper and lower inlets was calculated. Also, 
for the aerodynamic modes specified by the range of values of the average Reynolds numbers Re = 8 700-28 000 over 
the section of the separation chamber, the values of the aerodynamic drag of the dust collector and angular velocities in 
the wall zone of the separation chamber, which had a determining value on the magnitude of the dust particle 
breakthrough, were calculated. 

Full-scale measurements of the breakthrough coefficient were carried out on the existing dust collectors in 
accordance with standard measurement methods in NHOGAZ dispersion flows using Pitot pneumatic tubes, 
micromanometers MMN -— 250, electric respirators, and AFA filters. 

Results. Figures 7—9 (made with the use of SolidWorks numerical simulation environment) present the results of 
calculations of angular velocity values obtained during the variation of design characteristics of the lower inlet at 
Re = 8 700-28 000 in the form of response surfaces. 


Safety of Technogenic and Natural Systems. 2023;7(4):7-19. eISSN 2541-9129 


MB 280 
HE 260 
P 
320 BB 240 
300 @& 220 
i 200 
790 i 180 


b) 


Fig. 7. Results of calculations of angular velocity values , rad/s, at Re = 8,700: 
a — dependence of angular flow velocity on the values of relative length of the branch pipe of the swirling flow of the angle of entry 
of the tangential branch pipe @ (lor3a); b — dependence of angular flow velocity on the values of the relative width of the tangential 
branch pipe of the flow and the angle of entry of the tangential pipe @ (lorm;a). 
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@, Rad/S 


Fig. 8. Results of calculations of tangential velocity values a, rad/s, at Re = 17,900: 
a — dependence of angular flow velocity on the values of the relative length of the swirling flow branch pipe and the angle of entry 
of the tangential branch pipe @ (Jomu;a); b — dependence of angular flow velocity on the values of the relative width of the 
tangential branch pipe and the angle of entry of the tangential branch pipe @ (lomu;a) 
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b) 
Fig. 9. Results of calculations of angular velocity values @, rad/s, at Re = 28,000: 


a — dependence of angular flow velocity on the values of the relative length of the swirling flow branch pipe and the angle of 
entry of the tangential branch pipe @ (loru;a); b — dependence of angular flow velocity on the values of the relative width of 
the tangential branch pipe and the angle of entry of the tangential branch pipe @ (lom;a) 
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Figure 10 (made with the use of SolidWorks numerical simulation environment) shows the distribution of tangential 
velocities values of the gas flow along the section of the separation chamber at the cut-off level of the secondary flow 
outlet pipe. 


Fig. 10. Distribution of tangential velocities values of gas flow along the section of the separation chamber at the cut-off level 
of the secondary flow outlet pipe (m/s) 


To clean the dust emissions of reinforced concrete production, a design of a CSF dust collector with an axial 
secondary flow supply for the use in reinforced concrete plants was proposed (Fig. 11) [19]. 


Fig. 11. Diagram of the device of a vortex dust collector with a screw-type swirler: 1 — cylindrical separation chamber; 
2 — tangential inlet of the cleaned flow; 3 — coaxial exhaust pipe; 4 — axial pipe of primary inlet; 
5 — screw type vortex generator; 6 — screw swirler; 7 — conical jack washer; 
8 — dust collection hopper; 9 — gear wheel; 10 — gear rack [19] 


At the second stage, full-scale measurements of the values of the breakthrough coefficient for fine dust of 
enterprises producing reinforced concrete products were carried out on standard CSF dust collectors and on the devise 
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of the proposed design. The dependencies obtained in the course of experimental studies are shown in Figure 12. For 
comparison, the figure also shows the results obtained during the tests of the CSF of the classical design (curve 4). 


Pt EL KM 


4, 


Fig. 12. Results of experimental studies of the breakthrough functions of the CSF dust collectors: 
1 — CSF-200; 2 — CSF-400; 3 — CSF-600 with coaxial inlet; 4 — CSF-200 designs by V.D. Kononenko 


Discussion and Conclusion. The results obtained during computational experiments strongly support the 
assumption that there is a negative influence of the secondary inlet pipe on the kinematic structure of the flow in the 
lower part of the separation chamber of dust collectors on counter swirling flows. From the data presented in Figure 10, 
it follows that the axis of rotation of the flow is offset from the axis of the separation chamber. This leads to a decrease 
in the useful effect of the vortex effect, which consists in increasing the intensity of the twist due to the interaction of 
unidirectionally twisted flows. 

The mismatch of the axis of rotation of the swirling flow with the axis of the separation chamber, which is also 
the axis of rotation of the primary swirling flow formed by the upper tangential inlet, leads to a noticeable 
increase in the magnitude of dust particles breakthrough. This fact is explained by the formation of idle vortices at 
the confluence boundaries of non-coaxial swirling flows. The consequence of this is carrying-away of dust 
particles already caught or trapped in the wall zone. Being torn out of the wall stream, or blown up by an idle 
vortex, dust particles fall into the secondary stream, and, due to its opposite orientation, are carried away into the 
pure gas pipe. 

It should be noted that this effect is most pronounced on particles of small fractions, which are characterized 
by a significant predominance of aerodynamic forces over mass ones. And it is this fact that makes the task of 
eliminating the negative influence of the secondary branch pipe, which introduces undesirable distortions during 
the secondary swirling flow, especially relevant in the conditions of using CSF devices in reinforced concrete 
production, for which dust emissions are characterized by the presence of a large proportion of fine dust particles. 

To eliminate the described problem, the use of a coaxial inlet of the secondary flow is proposed (Fig. 12). The 
main feature of the proposed design of the vortex dust collector is the use of a coaxial inlet of the secondary 
swirled flow, achieved through the use of screw-type twirlers. The use of such a layout scheme makes it possible 
to optimize the movement of the swirling flow in the lower part of the separation chamber, as well as reduce the 
likelihood of suction. The absence of a radial branch pipe of the secondary flow that overlaps a part of the live 
section of the separation chamber of dust collectors of traditional design allows avoiding undesirable disruption of 
the kinematic structure of the flow. The absence of idle swirls of the flow in the lower part of the separation 
chamber makes it possible to significantly reduce secondary carrying-away of dust particles located in the wall 
zone of the flow, which, in turn, reduces the total amount of dust particle breakthrough. In addition, the use of 
coaxial inlets makes it possible to obtain some reduction in the aerodynamic drag of CSF dust collectors, 
increasing their energy efficiency. 
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The proposed design of the coaxial inlet of the secondary swirling flow allows us to solve the problem. This 
fact is confirmed by the results of pilot tests, the results of which are shown in Figure 12. Curve 3, which 
characterizes the function of dust particles breakthrough in the device with a coaxial inlet, is located above the 
others, which indicates a smaller breakthrough of particles of all fractions. 

Thus, the use of dust collectors on counter swirling flows with coaxial secondary inlet at enterprises producing 
reinforced concrete products makes it possible to achieve a high degree of purification of dust emissions without 
resorting to expensive replacement of inertial dust collectors with devices of other types. 
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3aABNEHHbIU BKIAO Coaemopos: 

b.4. Mecxu — dopmuposaHne OCcHOBHOM KOHIeHMHU, HayYHoe PyKOBOACTBO. 
A.W. Esryuienko — 3a]a4n UCcieqOBaHHA, KOppeKTHPOBKa BBIBOOB. 

JI. boposkos — anasu3 pe3syIbTaToB McceqOBaHHii. 


Kougauxm unmepecos: aBropbl 3aABIAIOT OO OTCYTCTBHH KOHDUKTa HHTepecos. 


Bce aBTOPBI IIpOunTaJIn U ono0pumH OKOHUATECJIbHbIM BapWaHnT PyKOIHcn. 


Technosphere Safety 


19 


https://bps-journal.ru/ 


20 


Safety of Technogenic and Natural Systems. 2023;7(4):20-29. eISSN 2541-9129 


TECHNOSPHERE SAFETY 
TEXHOC®EPHAA BESOHNACHOCTb 


® Check for updates 
BY 


UDC 502/504 Original article 
https://doi.org/10.23947/2541-9129-2023-7-4-20-29 


Main Scientific Principles of a Systematic Approach to the Determination of Negative Factors 
Affecting Urban Environment 


Natalya S. Samarskayal , Ekaterina V. Kotlyaroval), Ekaterina P. Lysoval 
Don State Technical University, Rostov-on-Don, Russian Federation 
DX] nat-samars@yandex.ru 


Abstract 

Introduction. With the modern active development of urban areas, the problems in the field of environmental safety are 
becoming increasingly relevant. These problems cannot be solved without an in-depth analysis of the factors that 
disrupt the ecological balance and cause negative consequences for the components of the environment. At the same 
time, construction industry is one of the main elements of human economic activity that forms technogenic loads. This 
is due, among other things, to the fact that, unlike some other areas, the pace of construction work has increased 
significantly over the past year. So, as of March 2023, 2 460 developer organizations were registered in the Russian 
Federation, which was 14% more than in the previous period, that is, the speed and scale of construction work most of 
all affect the population of cities from a socio-economic point of view. At the same time, we should not forget about the 
environmental side of the issue. Many years of research in this area has shown the lack of a structured approach to 
assessing the environmental safety of urban areas, including the selection of an optimal list of environmental measures. 
At the same time, scientific approaches based on the ecological characteristics of the totality of natural conditions, 
determining the maximum permissible anthropogenic loads, identifying environmentally significant environmental 
parameters, such as the amount of oxygen in the atmospheric air or the availability of natural water resources, require 
significant time and labor costs, and also, as a rule, are not tied to specific objects of the urban environment. However, 
urban planning spaces, depending on their functional purpose, contain typical anthropogenic objects, among which 
capital construction and landscaping facilities predominate. The nature of the negative impact on the environment from 
such facilities is obviously also typical. In this regard, the aim of the study was to systematize and unify numerous 
negative factors affecting the territory of a particular object of capital construction and landscaping, depending on the 
functional purpose of the territory and the types of objects located on it. The authors propose to perform such 
transformations automatically within the framework of the developed online platform. 

Materials and Methods. To assess the negative impact on the urban environment, it was proposed to use a 
methodological approach based on the concept of functional zoning of the territory. According to the Urban Planning 
Code of the Russian Federation, each functional zone is characterized by the presence of certain capital construction 
and landscaping facilities. To achieve this goal, we used methods of comparative and system analysis and 
generalization. Thus, the results were obtained and systematized in the work, which showed the similarity of the nature 
of the negative impact from the same types of capital construction and landscaping facilities. 

Results. The assessment of the negative impact of capital construction and landscaping facilities on the environment 
was part of the research work prepared within the framework of the state program "Priority 2030". A systematic 
approach in analytical studies of negative factors of urban environment will allow structuring information, significantly 
speeding up its analysis and making appropriate decisions due to the relationships we have established between the 
parameters of negative factors, types of objects and functional zones in which they were located. The proposed 
approach was implemented within the framework of the online platform developed by the authors. At the same time, the 
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main principle that guided us was quick access to the task of ensuring environmental safety of the territory due to 
accelerated automated assessment of negative factors from a given capital construction object or urban improvement. 

Discussion and Conclusion. The obtained research results, which include the systematization of negative 
environmental impact factors on the territories of capital construction and landscaping facilities, depending on the 
functional zones of their location, are the basis for further development of methods for ensuring environmental safety of 
the urban environment. The fullest possible identification of all environmentally hazardous factors will ensure an 
effective assessment of the negative impact on the environment of capital construction projects and urban improvement. 


Keywords: environmental safety, negative impact assessment, environment, capital facilities, landscaping, urban 
environment 
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AnnoTayna 

Beedenue. B coBpeMeHHBIX YCJIOBHAX aAKTHBHOTO pa3BHTHA TOpOCKHX TeppvTOpHi mpoOsembr B oOsacTH 
oOecre4veHusA 9KONOTMYeCKON Oes0nacHOCTH MpHoOperaloT BCe OOMbITYIO aKTYaIbHOCTb. OHM He MOTyT OBITb PeleHbI 
6e3 rmyOokoro aHaM3a (bakTopoB, HapyllalolWlHx 9KOJIOrHYeCKOe paBHOBeCHe MM BBI3bIBAaIOLWHX HeraTHBHBble 
MOCICACTBUA [Ik KOMMOHEHTOB OKpy2xKalolle cpegbl. IIpu 9TOM OHM 3 TJIaBHBIX 3JIEMCHTOB XO3AMCTBeHHO- 
39KOHOMHYCCKON AeATeIbHOCTH YeOBeKa, (POpMUpyrOlleH TeXHOreHHbIe Harpy3KH, BbICTyMaeT CTPOUTeIbHad OTPacib. 
STO CBA3aHO B TOM 4HCIIe C TeM, YTO, B OTIHYME OT HEKOTOPBIX ApPyrux cep, TeMIMbI CTPOUTeIbHbIX padoT 3a 
TOCHeqHHH To 3HadMTebHO BO3pOcmM. Tak, Ha Mapr 2023 roqa B Poccniicxoi Deyepayuu 3aperucTpupoBaHo 
2460 opraHusalMii-3sacTpommuKkos, uTo Ha 14% Oonbue MpeAbIAyujero MepHosa, TO eCTb CKOpOCTb HM MacuITaO 
CTPOWTeJIBHBIX paOoT B HacTosWee BpeMaA OoNbIe BCero 3aTparMBalOT HacesIeHHe TOPOAOB C COIMasIbHO- 
3KOHOMHYeCKOH cTopous!. Ho mpy 9TOM Helb34 3a0bIBaTb HU 00 9KOOrMYeCKOM CTOpoHe BorIpoca. MHoroeTHHH OMIT 
YcceqOBaHHH B 3TOM ciepe NMoKa3sayl OTCyTCTBHe CTpyKTypupoBaHHorO MOAXoa K OWeHKe 9KONOTHYeCKOH 
Oe30MacHOCTH TOpOACKHX TeppHTOpH, BKIIOYAIOWNero B ceOa NOAOOp ONTHMaIbHOrO MepedHA UpHposooxpaHHbBix 
MeponpnaTHi. IIpu sToM Hay4Hbie MOAXOLbI, OCHOBAHHbIe Ha SKOJIOrMYeCKOM XapakKTepHCTHKe COBOKYIHOCTH 
TIpHpOAHBIX yCOBHH, ONpeseweHuu TpeeubHO JOMyCTHMbIX TeXHOTeHHbIX Harpy30K, BbIABJICHHM 9KOJIOrM4eCKH 
3HA@4HMBIX MapaMeTpoB OKpy2Kalollei Cpe bl, TAKHX KaK KOJIM4eECTBO KHCOpoya B aTMOC(epHOM BosAyxe WIM HaMAHe 
€CTECTBCHHBIX BOJHBIX pecypcoB, TpeOy!0OT 3HaYHTeJIBHBIX BPCMCHHBIX H TPyAOBbIX 3aTpaT, HM OHH, Kak MpaBHsO, He 
IIPHBA3AHbI K KOHKPeTHBIM OOBEKTAM FOPOACKOH cpezbI. OWHAKO rpaOCTPOUTeIbHbIe MpOCTpaHCTBa B 3ABMCHMOCTH OT 
(PYHKUMOHAIbHOrO Ha3HadeHHA COep%KaT THMOBbIC AHTPOMOTeHHbIe OOBEKTHI, Cpe AH KOTOPBIX MpeoOsataroT OOBEKTHI 
KalMTaJIbHOrO CTPOHTesIbCTBa HU OaroycTpolicTBa TeppuTOpHi. XapakTep HeraTHBHOTO BO3elCTBUA Ha OKPy?KarOllly1o 
cpeay Takux OObEKTOB, OYCBUAHO, ABJIACTCA TOKE THIOBbIM. B cBA3H C 9THM LeJIbIO TAaHHOTO HCCHeNOBAHHA ABJLACTCA 
CHCTeMaTH3allHd WM YHHUKalMA MHOTOUHCICHHbIX HeraTHBHbIX WaKTOpPOB, BO3CHCTBYIOMWJMX Ha Te WIH UHbIe 
TeppHTOpHH OOBeKTa KalMTaIbHOrO CTpONTebCTBa H OsaroycTpolicTBa, B 3aBHCHMOCTH OT (yYyHKI{MOHaIbHOrO 
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Ha3Ha4ueHHA MU TeppHTOPHH, UM pacroOO*KeHHBIX Ha Heli OObeKTOB. Takve mpeoOpa30BaHHA aBTOpbl MpesaratoT 
IPOH3BOJHTb ABTOMATH3MpOBaHO B paMkKax pa3paboTaHHOH OHJIaiH-IIaTPOpMBI. 

Mamepuanoi u memoodoi. J[na oleHKH HeraTMBHOrO BO3JeHCTBUA Ha OKpy2KalOlly!o TOPOACKy!oO cpeyty HeraTHBHBbIX 
(pakTOpoB MpelaraeTcA WCHONb30BaTb METOAMYeECKHM MOAXOL, OCHOBaHHbIM Ha KOHUeNUMH PyHKIWMOHabHOrO 
30HMpoBaHHa TeppuTopuu. CormacHo TpK Pd, ana Kaxgou yHKUMOHAaIbHOM 30HbI xapakTepHo HasIM4He 
OMpeyeeHHbIX OOBeKTOB KalIMTaIbHOrO CTpovTelbcTBa UM OnaroycTpolictBa. J[a WOCTWKeHHA TMOCTaBJIeCHHOM 
B HCCHCNOBaHHU Wes UCMONb30BaHbI MeTOAbI COMOCTABUTeILHOTO HM CHCTeEMHOTO aHau3a HU OOOOmIeHHA. ABTOpaMu 
TIOJIYYCHbI H CHCTEMATH3HPOBaHEl Pe3yIbTAThI, KOTOPble MOKa3aJIM CXOXKCCTb HETATHBHBIX BO3eHMCTBHM OT OHUX HU TeX 
2Ke THIOB OOBEKTOB KallMTaIbHOTO CTPOUTeIbCTBAa HU OaroycTpolicTBa TeppuTopHit. 

Pe3yiomamoi uccnedosanua. OueHka HeraTHBHOTO BO3eHCTBHA Ha OKPy2KalOlly!o cpefy OOBeKTOB KallMTaIbHOrO 
CTpouTesbCTBa HM ONaroycTpolicTBa TeppHTOpHH ABIAeTCA 4aCTbIO Hay4HO-HCCIeqOBaTebCKOHM padorTHl, 
MOJTOTOBJICHHOM B paMKax TocyapcTBeHHOH UporpamMp! «I Ipuoputet-2030». Cucremubiit NogxXoy K CCIE qOBAaHHIO 
HeraTHBHBIX (bakKTOPOB TOPOACKOM CpeAbl WO3BONMT CTPyKTYPHpOBaTb HMMEIOLIyIOCcA HHPOpMAaLHIO, 3HaYHTeJIbHO 
YCKOPHTb ee aHayIH3 HW MpHHATHe Ha ee OCHOBE COOTBETCTBYIOWIHX PeWIeHHH 3a CYeT YCTAaHOBJICHHbIX aBTOpaMu 
B3aHMOCBA3eH MexKy WapaMeTpaMH HeraTHBHbIX (bakTOpoB, THMaMH OOBEKTOB HM YHKUMOHAJIbHbIMH 30HaMH, 
B KOTOPBIX OHH pactouoxKeHbI. [peqmaraemMbii NoAXoy peamm3yeTca B paMKax pa3paOaTbIBaeMOl aBTOpaMH OHJaiH- 
tuaTpopmpl. IIpu 9ToM AIA ObecMeyeHHA DKOMOrMYeCKOM Oe3s0lMacHOCTH TeppHTOpHu OHH PpyKOBOJICTBYIOTCA 
OCHOBHBIM IIPHHUMIOM, 3aKJIIOUaIOWIMMCA B YCKOPeHHOM IIPOBeAeHHH aBTOMaTH3HpOBaHHOM OeCHKM HeraTHBHBbIx 
(pakTOPOB, HCXOZAMIUX OT OOEKTA KalMTAMIbHOFO CTPOMTeIBCTBa HIM ONaroycTpolicTBa ropoycKon cpesBI. 
OGcystcdenue u 3aKniovenue. TlomyaeHHble pe3ylIbTaTbI HMCCeqOBaHui, BKIOUaFOIIMe B ceOd CHCTeMaTH3allHIO 
HeraTHBHBIX (aKTOPOB BO3CHCTBHA Ha OKpPy?KalOWlyIo cpefly TeppuTOpHu OObeKTOB KalHTaIbHOrO CTPOMTEeJIBCTBAa 
M ONaroycTpolvcTBa B 3ABHCHMOCTH OT (YHKIMOHAIBHBIX 30H MX pacHOJIOKeHHA, ABJIAIOTCA OCHOBOM JIA TasIbHeiluer 
pa3paOoTKH MeTOJMKH Obecre4veHHA SKOMOTHAYeCKON Oe30MacHOCTH ropoycKol cpezbI. MakcuMasIbHO MOHOe BbIABIIEHHe 
BCe€X SKOOFHYCCKH OMAaCHBIX (PaKTOPOB OOECHeCYHT BO3MOXKHOCTb BCECTOPOHHeM OLCHKH HeraTHBHOTO BO3AelCTBHA Ha 
OKpyKarollly1o cpexy OObEKTOB KalMTaJIbHOTO CTPOHTeJbCTBAa H OaroycTpolicTBa roposcKux TeppuToOpHit. 
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Baarojapnoctn. ABTOPBI BbIP@KAarOT OaroqapHOcTh peqakWwHH HW peileH3eHTaM 3a BHUMAaTCJIBHOe OTHOMCHHe 
K CTaTbe HW YKa3aHHble 3aMeCYaHHA, KOTOPbIe NO3BOJINJIN MOBbBICHTb Ce KadeCTBO. ABTOpBI TIPH3HATCJIBHbI PYKOBOCTBY 
3a HOMOIIb, OKa3aHHyt B Npolwecce NOATOTOBKH IipOeKTa. 


@uunancuposanne. MccreqoBaHua BbIMOJIHeEHbI 3a C4eT TpaHTOBOH NoAWepxKU OT JloHCKOrO rocyapcTBeHHOrO 
TEXHHYECKOLO YHUBepcuTeta M0 HTOraM KoHKypca «Hayxka-2030». 
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Bezonacnocmb mexnozenubix u npupooHeix cucmem. 2023;7(4):20-29. https://doi.org/10.23947/2541-9129-2023-7-4-20-29 


Introduction. The development of society is inextricably linked with the formation of an appropriate habitat. 
Scientific and technological progress, discoveries in various spheres of life, the widespread use of mechanisms made it 
possible to expand the human habitat even in areas that are difficult to develop. At the same time, the possible negative 
impact on the environment in the process of economic activity began to be talked about a little more than a hundred 
years ago, and the term "sustainable development" and its principles were first formulated in 1972. 

Currently, the issue of ensuring environmental safety of both human habitat as a whole and the individual spheres of 
life or activity is extremely relevant and discussed. According to the authors, this is due to the fact that there is still no 
convenient systematic methodology for selecting environmental measures for capital construction and urban facilities. 
The first step to describe it is to systematize negative factors affecting the components of the environment. At the same 
time, the analysis of environmental problems shows that they are most clearly manifested primarily in the urban 
environment, where there is a replacement of natural biogeocenosis with urban- and agrocoenosis, as well as deep 
inseparable relationships between natural components and elements of highly urbanized territories appear. By highly 
urbanized territories, the authors of this work understand the territories of megacities, urban agglomerations, and large 
cities. Such forms of settlements occupy a significant part of the land; most of the world's population is concentrated on 
them. 
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The spectrum of impact of highly urbanized territories on the environment turns out to be extremely wide, with the 
maximum concentration of negative factors. However, as practice shows, project documentation for capital construction 
and landscaping projects does not prescribe the full range of negative influencing factors, and, as a result, the envisaged 
project measures to protect the environment do not give the proper effect, since they rely on standard solutions copied 
from project to project. 

Materials and Methods. The works of such domestic and foreign scientists as Vetrov N.M., Verekh T.V., 
Bespalov V.I., Gerasimov E.B., Gagarin E.S., Mahmudi A., Shein S.G. and others, including the authors of this 
material, are devoted to the study of approaches to solving issues of ensuring environmental safety of urban areas [1, 2]. 
The research results show that a large metropolis almost completely changes the natural components: atmospheric air, 
soil cover, phytocenosis, relief, surface and groundwater, climate [3-5]. There are inextricable links between the 
elements of urban environment and natural components. Thus, a typical example is a city street, where the 
anthropogenic elements are buildings, motor transport, road surface; and green spaces and atmospheric air are natural 
components [6, 7]. Such a connection inevitably leads to a negative impact of elements of the urban environment on 
natural components, and the spectrum of this impact is so wide that it causes a number of problems characteristic of 
almost any modern city [8]. To achieve this goal, the authors used methods of comparative and system analysis and 
generalization. Having summarized and systematized the results of the conducted analytical studies, it was possible to 
present the totality of the most acute environmental problems of a modern city in the form of a diagram (Fig. 1). 

Such a variety of identified problems is primarily due to the peculiarity of urban infrastructure [9, 10]. It includes 
not only industrial clusters and residential areas with high building density, but also shopping and entertainment 
complexes, urban facilities and recreational areas. As a whole, all elements of urban environment should provide 
favorable conditions for the population to live. Simultaneously with providing favorable living conditions, elements of 
urban environment should not have a negative impact on natural ecosystems. Therefore, the inevitable close interaction 
of a set of living beings and a highly urbanized environment generates interdependence and forms a special form of the 
ecosystem — an urbanized one. 
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Fig. 1. The problems of negative impact of urban elements on natural components of the environment 
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It is obvious that the urbanized ecological system constantly consumes external resources and is not capable of self- 
regulation. Such a system develops not according to the laws of nature, but according to the needs of human economic 
activity. That is why the approach to solving the problem of ensuring balance in an urbanized ecosystem should 
be special, taking into account all the parameters of the properties of natural and anthropogenic components of the 
urban environment. 

Results. The concept of "negative factor affecting the urban environment" implies, first of all, the specifics of the 
process of its impact on the surrounding components, during which the signs of negative change appear. Each process 
of negative change has its own impact characteristics and is determined by its nature, intensity, and source [11]. 
However, a comparative analysis of features of the impact of negative factors on the urban environment allowed us 
to systematize them by the nature of their impact on the natural components of urbanized territories. 

The inevitable and, perhaps, the most negative factor in the urban environment is the use of land as a spatial basis 
for the construction and placement of objects of economic activity. Depending on the nature of use, the land is subject 
to depletion, preconsolidation, pollution, flooding, etc. The environmental requirements set out in Chapter VII of the 
Law "On Environmental Protection" regarding the placement of economic activities, their design, construction and 
reconstruction, as well as commissioning, do not fully ensure equilibrium in the urbanized ecosystem and lead to the 
above-described consequences. 

Widespread pollution of natural components in the process of urbanized ecosystems functioning is associated with 
the active growth and development of industry, transport systems, construction of energy facilities and, of course, 
residential space [12, 13]. Of course, the degree of influence of pollution sources varies and depends on the level of 
improvement of urban neighborhoods and a number of socio-economic factors: legislative, political, demographic, 
personal and infrastructural [14, 15]. 

When it comes to the sources of environmental pollution of urbanized territories with chemicals, it can be assumed, 
that the most significant of them are the facilities and infrastructure of the motor transport complex. With every 
15 thousand km, one car bums an average of 2 tons of fuel, about 30 tons of air, including 4—5 tons of oxygen, which is 
50 times more than a human needs, while it emits carbon monoxide into the atmospheric air of cities — 700 kg/year, 
nitrogen dioxide — 40 kg/year, hydrocarbons — 230 liters, solids — 2-5 kg/year [16, 17]. 

The analysis of the results of long-term observations and studies allowed us to conclude that the greatest 
contribution to the air pollution of highly urbanized territories was made by cars running on gasoline, to a lesser 
extent — cars running on diesel fuel, the minimum contribution — cars running on gaseous fuel [1, 2, 8]. 

Pollution, as a negative factor affecting the urban ecosystem, largely came from industrial facilities, the maximum 
number of which was concentrated in highly urbanized territories and territories directly adjacent to them [10]. 

It was established that the main sources of pollution among industrial facilities were [7, 10]: 

— at ferrous and non-ferrous metallurgy enterprises — crushing and grinding equipment, places of unloading, 
loading and pouring of materials, blast furnaces and open-hearth furnaces, installations for continuous casting of metals 
and others; 

— at chemical, petrochemical and oil refining enterprises — technological equipment in the production of acids, 
rubber products, plastics, dyes and detergents, artificial rubber, mineral fertilizers, various solvents (toluene, acetone, 
phenol, benzene), in the production of phosphorus; 

— at enterprises producing building materials — roasting furnaces, drying drums of various types, lime quenching 
reactors, crushing and grinding equipment, drying machines, glass furnaces, bitumen melting units, sorting machines, 
drying units, mixers, power units, etc. 

The results of monitoring the quality of environmental components in the territories near the location of the above- 
mentioned facilities showed that the degree of negative influence of pollutants often exceeded several times the values 
established by regulations [12]. When it came to pollutants that were prioritized by the level of content in the urban 
environment atmosphere, special place certainly took carbon monoxide and dioxide, nitrogen and sulfur oxides, 
aromatic hydrocarbons, solids, including inorganic, with different content of silicon dioxide, compounds of lead, 
chromium, vanadium, mercury and other chemical elements, organochlorine substances, phenol, benzene and its 
homologues, formaldehyde, ammonia, benz(a)pyrene, hydrogen sulfide, carbon disulfide, volatile organic compounds, 
pesticides [13]. All this confirmed the fact of insufficiency or inefficiency of the envisaged organizational, 
technological and special engineering and environmental measures designed to ensure the ecological safety of the 


urbanized territory. 
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Despite active development of the principles of green urbanism, there was still a shortage of green spaces in large 
cities and the condition of the existing plantings was deteriorating. This was manifested in the violation of production 
process, deformation and thinning of crown, progression of dryness, as well as necrosis and chlorosis of leaves and 
needles. Such processes occurred not only due to pollution of components of the urban environment, but also due to a 
decrease in soil fertility, its compaction and pollution. The authors revealed that these negative factors were particularly 
intense in areas of multi-storey buildings. Therefore, solving the problem of planting of urbanized neighborhoods, it 
was necessary to investigate and take into account a whole range of negative factors that depressed vegetation and, as a 
result, led to the loss of its ecological functions. Green spaces deprived of their qualities were not only useless for 
ensuring balance in the urban ecosystem, but were also aesthetically difficult to perceive. 

Along with the above negative factors, urban environment was subject to the intense influence of various physical 
fields: acoustic, vibrational, electromagnetic, thermal, radiation [6,7]. At the same time, acoustic discomfort was 
created primarily by objects of the transport system: air, rail, road and water transport. Sports and entertainment 
facilities, industrial cluster and housing facilities, and communal services made a significant contribution to the acoustic 
pollution of the urbanized environment. Long-term studies also established that urban noise sources created an excess 
acoustic background, which negatively affected the health of the population living on this territory [5]. 

As a tule, a negative acoustic background in an urban environment increased the vibration effect from urban rail and 
road transport. It was known that prolonged regular vibration exposure of living components to the environment led to a 
change in the habitat of organisms and had a destructive effect on the human central nervous system [14]. 

Another significant negative factor in a highly urbanized urban environment was the electromagnetic field. The 
sources could be power supply complexes, extended power transmission lines, thermal power plants and transformer 
substations, cellular base stations, television complexes, radar installations, and radio stations [15]. 

Along with the electromagnetic field, the urbanized environment was negatively affected by the thermal field. 
Excess heat in the urban environment arose from such facilities as thermal power plants, nuclear power plants, boiler 
houses, heating mains, oil production and processing facilities, metallurgical plants, vehicles, subways, underground 
heated structures [16]. 

The most dangerous type of physical pollution in the urban environment was radioactive emission, which did not 
manifest itself under normal conditions of urban infrastructure development. The risk of this factor occurred during the 
liquidation of man-made accidents at nuclear power facilities. However, in recent years, much attention has been paid to 
the issue of ensuring safety of such industrial facilities, so the probability of the appearance of a nuclear radiation factor 
remains minimal. 

The most uncontrolled negative factor in a highly urbanized environment could be considered biological pollution 
associated with the appearance and spread of pathogenic microorganisms in the atmospheric air, in water bodies or in 
the soil, leading to the threat of all kinds of changes in the health of the population, an outbreak of epidemics. The main 
sources of pathogenic microorganisms were the objects of drainage and water supply complexes, public catering 
facilities, cemeteries, medical and laboratory institutions, agricultural enterprises [17]. 

The detailed description of the types of negative factors affecting the environment of urban areas presented above 
showed, on the one hand, the variety of types of impacts, and on the other hand, the need to build relationships and 
systematize the listed parameters for the possibility of automated work with them. 

During the study of the impact of negative factors on the city environment and the subsequent measurement of the 
ranges of their impact, the authors analyzed the functional zones of a typical urban area in order to identify the sources 
(objects) of the appearance of such negative factors. The conducted analytical studies showed a wide variety of factors 
that could negatively affect the environment of highly urbanized territories. The system approach proposed by the 
authors allowed structuring information, speeding up its analysis and making appropriate decisions in the subsequent 
selection of environmental measures for each specific case. At the same time, the main principle that guided the authors 
was the prompt solution to the problem of ensuring the environmental safety of the territory of a construction or 
landscaping object. 

Any task assumes an array of source data, which should provide a complete picture of the intended course of solving 
the problem. In the situation under consideration, the array of initial data should obviously include such information as 
the process being implemented, as a result of which it is necessary to ensure environmental safety (construction or 
operation), the name of the object of research (industrial enterprise, shopping center, hotel, car wash, railway station, 
etc.), the functional zone in which this object is located (planned), a list of negative factors of the impact of the object in 
question on environmental components (physical, chemical, biological effects). In this regard, it is advisable to structure 
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this kind of information using the method of an interconnected hierarchy of functional zones and related construction 
and capital repair facilities with negative factors affecting the territories of the facilities and their parameters (Fig. 2). 

With this method, the construction of a multi-level data system using a software package will allow you to visually 
present a large array of data quite easily. The entire path shown in Figure 2 can be automated by providing an analytical 
task to a software package. After going through several steps sequentially, the user will be able to quickly come to the 
goal — to get a set of those negative environmental impact factors that are characteristic of the particular object located 
in a certain functional area of the city. 

The obtained exhaustive set of negative factors allowed us to determine further ways of work: carrying out 
instrumental measurements to determine the parameters of their impact, followed by a detailed selection of a list of 
environmental measures, or receiving recommendations on a list of possible measures to reduce the negative impact on 
environmental components without taking measurements. 
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Fig. 2. Systematic approach to the assessment of negative environmental impact of the territories of capital construction and 
landscaping facilities, depending on the functional zones where they are located 
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Discussion and Conclusion. Ensuring environmental safety is an important condition for the widespread 
development of society. Therefore, it is necessary to reduce the negative impact on the environment from various types 
of human economic activity, including the entire range of construction work. The solution to the problems of ecological 
safety of urbanized territories is based on a deep analysis of the factors that violate the ecological balance and cause 
negative consequences in the environment. In modern conditions of electronic products development, the creation of a 
software package that implements the systematic approach proposed by the authors to determine the negative factors 
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affecting the territories of capital construction and landscaping facilities, taking into account the functional zones where 
they are located, seems very promising. The generated data array with the information about negative environmental 
factors from the functioning of various capital construction and urban facilities will optimize the selection of 
environmental protection measures for each specific case, reducing time costs by automating the process. The 
introduction and implementation of such measures will contribute to the balanced development of urban environment 
and improve the quality of life of residents. 
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3aA6NeHHbIU BKIAO aemopos: 
H.C. Camapcxaa — cbopMupoBaHue KOHIenuMu M TeKCTa CTaTbH. 


E.B. Koriapopa — BeiOop TeMaTHKH, OOOCHOBaHMe aKkTyaJIbBHOCTH MH HallpaBJIeHHA HUCCIeNOBaHUA, KOPpeKTUpOBKa 
TeKCTA, PYKOBOJCTBO Hay4HO-HCCIeNOBaTeIbCKOM padoTol B paMKax WporpaMMBI «I IpuHoputet-2030». 


E.II. JIsicopa — BbimmouHeHHe vcculeqOBaHuit, TlOTOTOBKa pekomenyzaunii WM KOppeKTHpOBKa TeKCTa, aHaJIn3 


pe3yIbTATOB. 
Kongauxm unmepecos: aBropbl 3atBIAIOT OO OTCYTCTBHH KOH@JIMKTAa HHTepecos. 


Bce aemopbl npowumasu u odo6punu OKOHYAMEbHbIU 6apuaHm pykKonucu., 
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Abstract 

Introduction. Fire-fighting water supply systems play a primary role in ensuring effective fire extinguishing. Many 
researchers both in our country and abroad have considered the requirements for fire-fighting water supply and 
problematic issues in this area. At the same time, in order to update the requirements for fire-fighting water supply, it is 
necessary to study the actual water consumption on fires, taking into account the characteristics of fire objects. The aim 
of this research was to analyze the water consumption for outdoor firefighting depending on the characteristics of the 
fire object and compare the actual water consumption with the requirements of regulatory documents on fire safety. 
Methods and Materials. The authors used statistical data on fires in the Russian Federation for 2019-2021 from the 
federal state information system "Federal Database "Fires". Methods of statistical data analysis and classification of 
statistical data were used to determine the actual water consumption for outdoor firefighting, depending on the class of 
functional fire hazard of the fire object. Visualization of the obtained results was performed by the method of graphical 
representation of data in the form of histograms and pie charts. 

Results. The analysis showed that the highest average water consumption was required for objects of the functional fire 
hazard class F1.2 "hotels, dormitories (with the exception of apartment-type dormitories), dormitory buildings of 
sanatoriums and rest homes of general type, campsites" — 10.7 I/s. For apartment buildings, the highest average water 
consumption was required to extinguish fires that had arisen in the attic — 10 1/s and in the garret — 9.2 I/s. 

Discussion and Conclusion. The results of the analysis can be used to clarify the requirements for water consumption 
for outdoor firefighting, depending on the functional fire hazard class of the object and the number of floors of 
buildings. In order to meet these requirements, regular monitoring of fire-fighting water supply systems is required, as 
well as timely maintenance and repair of external and internal fire-fighting water supply systems. 


Keywords: water consumption, fire, functional fire hazard, building, number of floors 
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AnnoTayna 

Beedenue. Crctembl MpoTuBoMoxKapHoro BOOCHaOxKeHHA MTpaloT TepBOCTeIeHHYIO pOJIb B oObecne4eHHH 
adekTHBHOTO TyWIeHHA NoxKapoB. TpeOoBaHHa K MpOTHBOMOXxKAapHOMy BOOCHAO*KeHHIO MH TIpOOJIEMHBbIe BOTIPOCbI 
B 9TOM OONACTH paccMaTpHBaJINCb MHOTMMH MCCeAOBaTeAMM Kak B Hallie CTpaHe, Tak HU 3a pyOexkom. B To xe BpeMa 
WIA akTyaIM3alHH TpeOoBaHHli K MpPOTHBOMOXKapHOMy BOOCHaOxKeHHIO HeOOXOAHMO M3yyeHHe dakTM4YecKorO 
pacxoyla BObI Ha Mox%Kapax Cc yyeTOM ocobeHHOcTei OOBeKTOB NoxKapa. Lleb1o HaCTOAMerO MCCeAOBAHHA ABJIACTCA 
aHaJIW3 pacxojla BOJbI Ha HapyKHOe NOx*KapOTyWeHHe B 3ABHCHMOCTH OT XapaKTepHCTHK OObeKTa NoxKapa U cpaBHeHHe 
(pakTH4YeCKOrO pacxoya BOLI C TpeOOBaHHAMH HOPMATHBHBIX JJOKYMCHTOB 10 1oxKapHOH Oe3s0nacHocTH. 

Memoooi u mamepuanoi. Victionb30BaHbl CTaTHCTHYeCKHe aHHble O MWoxKapax B Poccuiicxoi Degepayuu 3a 2019— 
2021 rogbI, cofepxKauMeca B (eepalibHoi rocyaapcTBeHHOH MHopMallHOHHOH cucTeMe «@eyepabHEI OaHK 
WaHublx «[loxapbp>. Ja ompezeseHus (akTH4YeCKOrO pacxoa BOAbI Ha Hapy2KHOE NWOxKapOTyYWeHHe B 3aBHCHMOCTH OT 
Kylacca (PYHKUMOHAIbHOM WOxKapHON OMacHOCTH OObeKTa MO*KAapa HCHOMb3OBAHbI MeTObI CTATHCTHYECKOTO aHasIn3a 
JHHBIX MW KlacCHPUKalMu CTaTHCTHYeCKUX JaHHbIx. Bu3yalIM3aluA MOWYYeHHBIX Pe3yIbTATOB BbINOUHeHa MCTOJOM 
rpadwyeckoro mpecTaBseHHA JaHHbIX B BAe THCTOrpaMM HU KpyrosBblx AMarpamM. 

Pe3yravmamoti ucciedoeanua. UposeeHHbii anasiM3 WoKa3all, YTO HAMOObIMM CpeqHul pacxoy BOLI Tpebyetca WIA 
oObeKTOB KyIacca (YHKUMOHAIbHOM WoxRKapHoM onacHocTH 1.2 «rocTHHMIbl, OOWexKNTHA (3a HCKIIOUeCHHeM 
oOmexKHTHHM KBapTHpHoro TuMa), CiasIbHbIe KOpilyca CaHaTOpveB HM JOMOB OTAbIXa OOWero THMa, KeMIMHTOB) — 
10,7 n/c. [na MHOroKBapTHpHBIX %KHJIBIX JOMOB HavMOONbWIHM cpeqHH pacxo, BOJbI TpeOyeTca WIA TyWeHHA 
TO*KapOB, BOSHUKINHX Ha Yepyake — 10 n/c HB MaHcapye — 9,2 n/c. 

Odécystcdenue u 3aKnrouenue. Pe3yibTaTbI WpOBeeHHOTO aHasIw3a MOryT OBITb HCHOMb30BaHbI Id YTOUHeHHA 
TpeOoBaHHit K pacxofly BOJLI Ha Hapy2kKHOe MOxKapOTyWIeHHe B 3aBHCHMOCTH OT KuIacca (PYHKIMOHAIbHOM NoxKapHoH 
OMacHOCTH OObeKTa HM 9TAXKHOCTH 30aHHH. JIA BEIMIOMHeHHA WaHHbIX TpeOoBaHHit HeOOXOZHM PerysAPHbIM KOHTPOJIb 
CHCTeM TIPOTHBONOXxKapHOrO BOOCHAaOKeHHA, a TakwKe CBOeCBpeMeHHOe OOcIyKHBAaHHe HM PeMOHT Hapy?KHBbIx 
M BHYTPeCHHHX BOJOMPOBOOB MpOTHBOMO*KAapHOTO BOAOCHaO2KeHHA. 


Koro4eBble C10Ba: pacxoO7] BOJIBI, 1o7Kap, (yHKUMOHaIbHad TO#KapHadA ONACHOCTSA, 30aHHe, ITAHKHOCTL 


Buaarojapnocrn. ABTOPBI BbIparxKaroT Oaro apHOCTE peqakKWHH HU peileH3eHTaM 3a BHHMAaTCJIbBHOe OTHOIMCHHe 
K CTaTbe HW YKa3aHHble 3aMedaHHA, KOTOPbIe NO3BOJIMJIN MOBbICHTb Ce KadeCTBO. 


Aaa uuTupopanua. Kounamosn A.A., boOpunes E.B., Yaapyopa E.1O., Promuna C.M. Anamu3 pacxoya BOJbI 
IIpH TyWIeHHH ToxKapoB Ha OOBeEKTAaX pa3HbIX KaccoB (PyHKUHOHAaIbHOH MoxKapHO omacHocTu. bezonacnocmb 
MeXHOZeHHbIX U NDUpOOHbIx Cucmem. 2023;7(4):30-39. https://doi.org/10.23947/2541-9129-2023-7-4-30-39 


Introduction. The task of determining the required water consumption for outdoor firefighting is of paramount 
importance to ensure effective actions of operational fire protection units when extinguishing fires. Data on water 
consumption for outdoor firefighting are used in determining the composition of forces and means of operational fire 
protection units, drawing up fire extinguishing plans, determining the requirements for outdoor fire water supply 
systems. 

The problems associated with the supply of water to outdoor fire-fighting water supply systems have been 
considered by many researchers [1-4]. In particular, Zayko V.A., Ilyin N.A., Sargsyan A.M. paid special attention to 
fire extinguishing organization in small settlements, where, as a rule, there were no fire-fighting water supply systems 
and the rapid arrival of special fire equipment was not always ensured [5]. Abrosimov Yu.G., Kiselev L.Yu. came to the 
conclusion that it was necessary to develop new standards and adjust the existing regulatory documents regarding the 
estimated extinguishing time and water costs for firefighting for cities with a population of more than a million 
people [6]. Chudakov A.A., Metelkin I.I., Shumilin V.V. analyzed the available information about hydraulic structures 
intended for fire-fighting purposes [7]. Kalach A.V., Rodin V.A., Sinegubov S.V. considered optimizing the number 
and distribution of hydrants for outdoor fire-fighting water supply and pumping stations using various metrics 
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measuring distance [8]. Kelishek S., Drzhimala T. considered the main problems related to water supply of fire water 
supply systems in high residential buildings [9]. 

Other publications present the results of studies on the reliability of fire-fighting water supply to attract the attention 
of specialists to this issue [10—13]. 

Code of Rules SP 8.13130.2020 "The fire protection systems. Outdoor fire-fighting water supply. Fire safety 
requirements"! ((hereinafter — SP 8.13130.2020) defines the requirements for water consumption for outdoor 
firefighting. 

For buildings of functional fire hazard classes (hereinafter referred to as FFH) F1, F2, F3, F4, water supply during 
fire extinguishing depends on the number of storeys and the building volume and varies from 10 to 35 liters/s per fire. 
For buildings and structures of F5 FFH class, water supply depends on the degree of fire resistance, on the class of 
structural fire hazard and on the category of buildings and structures for explosion and fire hazard, as well as on the 
building volume and ranges from 10 to 100 liters/s per fire. 

However, at the same time, there is no specification of the requirements for water consumption for outdoor fire 
extinguishing for buildings and structures, depending on the FFH classes. The task of the authors was to determine the 
actual volume of water supply during fire extinguishing, taking into account functional fire hazard classes of fire 
objects. 

Materials and Methods. To determine water consumption when extinguishing fires at various facilities, an analysis 
of fires that occurred in the Russian Federation in 2019-2021 in the following subjects was carried out: Moscow, 
Voronezh, Tula, Leningrad, Murmansk, Nizhny Novgorod, Samara, Sverdlovsk, Tyumen regions, Krasnodar, 
Krasnoyarsk, Primorsky, Stavropol Territories, the Republic of Dagestan, Buryatia, Yamalo-Nenets Autonomous 
Okrug. 

Statistical data on fires and the actual consumption of water for their extinguishing for 2019-2021 were obtained 
from the fire data bank?. 

Results. Table 1 shows the distribution of fires by water consumption for objects of various FFH classes, defined in 
accordance with Article 32 of the Technical Regulations on Fire Safety Requirements. Figure 1 provides the 
distribution of fires by water consumption for all objects. Fires with water consumption of no more than 7 liters/s 
accounted for 79% of the total number of fires, fires with water consumption of more than 60 liters/s were 0.62%, with 
water consumption of more than 100 liters/s — 0.18%. 


Table 1 
Distribution of fires by water consumption depending on functional fire hazard class of the fire object, 
% of the total number of fires 
FFH Water consumption, liters/s Average: 
5 a = consumpti 
class | 0-3.5 | 4-7 |7.5-12 a 21-30 | 31-40 | 41-60 | 61-80 |81-100 ee aa > 140 fan P 

Fl 47.2 | 33.3 | 10.0 6.6 2.1 0.4 0.3 0.1 0.0 0.0 0.0 0.0 6.8 
Fl.l | 63.9 | 22.9 4.9 2.8 2.8 0.7 2.1 0.0 0.0 0.0 0.0 0.0 6.6 
F1.2 | 42.3 | 27.4 | 11.3 6.9 5.6 1.6 2.8 0.4 1.2 0.4 0.0 0.0 10.7 
F1.3 | 69.8 | 19.0 4.8 3.9 1.6 0.4 0.3 0.1 0.1 0.0 0.0 0.0 5.7 
F1.4 | 36.2 | 40.3 | 12.5 7.9 2.3 0.4 0.2 0.0 0.0 0.0 0.0 0.0 7.3 
F2 43.1 | 28.5 | 12.4 7.3 7.3 0.7 0.7 0.0 0.0 0.0 0.0 0.0 8.2 
F2.1 | 42.0 | 27.5 | 14.5 12. 7:2 0.0 1.4 0.0 0.0 0.0 0.0 0.0 8.4 
F2.2 | 30.0 | 35.0 | 15.0 5.0 10.0 5.0 0.0 0.0 0.0 0.0 0.0 0.0 9.9 
F2.3 | 47.8 | 21.7 8.7 17.4 4.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 7.8 
F2.4 | 52.0 | 32.0 8.0 0.0 8.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.7 
F3 51.6 | 30.4 7.5 6.3 2.8 0.6 0.5 0.2 0.1 0.1 0.0 0.0 7.0 
F3.1 | 55.0 | 25.5 73 6.7 2.8 0.9 0.9 0.4 0.1 0.1 0.0 0.0 74 


' The fire protection systems. Outdoor fire-fighting water supply. Fire safety requirements. Caoy npasun CIT 8.13130.2020. Electronic fund of legal 
and regulatory documents. URL: https://docs.cntd.ru/document/565391175 (accessed 14.08.2023) 

? O vnesenii izmenenii v Poryadok ucheta pozharov i ikh posledstvii, utverzhdennyi prikazom MCAS Rossii ot 21 noyabrya 2008 g. No. 714. Order of 
the Ministry of Emergency Situations of Russia of 17.11.2020 No. 848. Information and legal portal Garant.ru. URL: 
https://www.garant.ru/products/ipo/prime/doc/400020288/ (accessed 14.08.2023) 

3 Tekhnicheskii reglament o trebovaniyakh pozharnoi bezopasnosti. Federal Law No. 123-FZ of 22.07.2008. Electronic fund of legal and regulatory 
documents.URL: https://docs.cntd.ru/document/902 111644 (accessed 14.08.2023) 
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FFH Water consumption, liters/s Average: 
12.5- 101— | 121- consumpti 
class | 0-3.5 | 4-7 |7.5-12 20 21-30 | 31-40 | 41-60 | 61-80 |81-100 120 140 > 140 a 
F3.2 | 50.9 | 24.2 8.6 9.8 4.0 1.4 0.6 0.4 0.0 0.0 0.0 0.0 7.9 
F3.3 | 62.5 0.0 0.0 37.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 8.2 
F3.4 | 57.1 | 36.7 | 4.1 1.0 0.0 0.0 1.0 0.0 0.0 0.0 0.0 0.0 55 
F3.5 | 60.7 | 23.4 | 7.0 4.9 2.0 0.8 0.8 0.4 0.0 0.0 0.0 0.0 6.6 
F3.6 | 46.9 | 37.7 7.3 5.3 2.5 0.1 0.0 0.0 0.0 0.0 0.0 0.0 6.4 
F3.7 | 43.8 | 27.1 | 12.5 | 10.4 6.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 7.8 
F4 |) 53.7 | 23.9 | 82 8.5 3.4 0.3 0.8 0.2 0.5 0.5 0.2 0.3 8.3 
F4.1 | 55.8 | 25.7 6.2 8.8 1.8 0.0 0.9 0.0 0.0 0.0 0.0 0.9 8.0 
F4.2 | 69.2 | 19.2 7.7 3.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5.1 
F4.3 | 52.4 | 23.7 8.7 8.7 4.0 0.4 0.8 0.2 0.6 0.0 0.2 0.2 8.5 
F5 | 49.7 | 29.4 | 8.7 7.1 2.9 0.8 0.7 0.3 0.1 0.2 0.0 0.0 7.6 
F5.1 | 40.9 | 27.9 | 11.5 | 10.1 5.5 1.4 1.5 0.7 0.2 0.2 0.1 0.0 9.7 
F5.2 | 53.8 | 28.4 | 7.4 6.4 2.3 0.8 0.5 0.3 0.1 0.1 0.0 0.1 7.0 
F5.3 | 46.5 | 35.8 | 9.7 5.4 1.6 0.3 0.5 0.1 0.0 0.1 0.1 0.0 6.7 
Total | 47.9 | 32.5 | 9.6 6.7 2.3 0.5 0.4 0.2 0.0 0.0 0.0 0.0 7.0 
2,3% _ 0.5% 0/8 0.2% 

= 0-3,5 

= 4-7 

= 7,5-12 

= 12,5-20 

= 21-30 

= 31-40 

= 41-60 

=>60 


Figure 2 provides average water consumption during fire extinguishing, depending on the FFH class of fire object. 
The highest average water consumption was registered for objects of F1.2 FFH class "hotels, dormitories (except for 
apartment-type dormitories), bedroom buildings of sanatortums and rest homes of general type, campsites" — 
10.7 liters/s. In the second place by the value of the analyzed indicator were objects of F2.2 FFH class "museums, 
exhibitions, dance halls and other similar institutions in enclosed spaces" — 9.9 liters/s. In the third place — objects of 
F5.1 FFH class "industrial buildings, structures, production and laboratory facilities, workshops, crematoriums" — 


9.7 liters/s. 


The lowest average water consumption was registered for objects of F4.2 FFH class "buildings of educational 
institutions of higher education, organizations of additional professional education" — 5.1 liters/s, objects of F3.4 FFH 
class "buildings of medical organizations intended for medical activities, except for buildings belonging to 
F1.1 category" — 5.5 liters/s and objects of F1.3 FFH class "multi-apartment residential buildings, including apartment- 


type dormitories" — 5.7 liters/s. 


Fig. 1. Distribution of fires depending on water consumption 
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Fig. 2. Average water consumption depending on the functional fire hazard class of the fire object 


For objects of Fl FFH class, fires with water consumption of no more than 7 liters/s accounted for 80.5% of the total 
number of fires; fires with water consumption of more than 60 liters/s were 0.15%, with water consumption of more 
than 100 liters/s — 0.08%. 

For objects of F1.3 FFH class "multi-apartment residential buildings, including apartment-type dormitories", the 
distribution of fires by water consumption, depending on the floor on which the fire occurred, is shown in Table 2. Fires 
in apartments and on the premises of shared ownership (basements, mansards, attics) were considered. Figure 3 
provides the distribution of fires by water consumption for these objects. Fires with water consumption of no more than 


7 liters/s accounted for 88.4% of the total number of fires, fires with water consumption of more than 60 liters/s were 


0.25%, with water consumption of more than 100 liters/s — 0.06%. 


Table 2 


Distribution of fires by water consumption, depending on the floor on which the fire occurred, for objects of F1.3 FFH 
class "multi-apartment residential buildings, including apartment-type dormitories", % of the total number of fires 


Water consumption, I/s Average 
Floor 12.5— ] 101 121 consumpti 
0-3.5 | 4-7 |7.5-12 a 21-30 | 31-40 | 41-60 | 61-80 ep oa 140 > 140 aa ’ 
basement | 85.4 | 12.8 | 0.3 0.7 0.3 0.2 0.3 0.0 0.0 0.0 0.0 0.0 4.3 
semibasem| 70.3 | 25.0 | 0.0 1.6 1.6 1.6 0.0 0.0 0.0 0.0 0.0 0.0 5.3 
ent 
1 64.5 | 19.7 | 68 5.6 2.1 0.5 0.4 0.2 0.0 0.0 0.0 0.0 6.2 
2 67.4 | 21.2 | 4.2 3.5 2.1 0.4 0.6 0.2 0.1 0.1 0.0 0.0 6.1 
3 76.6 | 19.4 | 1.5 1.9 0.4 0.1 0.0 0.1 0.1 0.0 0.0 0.0 4.6 
4 78.9 | 18.0 | 1.8 0.8 0.2 0.4 0.0 0.1 0.0 0.0 0.0 0.0 4.5 
5 81.5 | 14.9 | 1.7 1.3 0.3 0.2 0.1 0.1 0.0 0.0 0.0 0.0 44 
6 77.0 | 19.7 | 0.8 22 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.0 4.5 
7 77.9 | 20.0 | 1.2 0.3 0.3 0.3 0.0 0.0 0.0 0.0 0.0 0.0 4.4 
8 83.7 | 13.4 | 1.5 0.0 0.6 0.3 0.3 0.0 0.0 0.0 0.0 0.3 4.8 
9 774 | 18.9 | 2.3 1.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 44 
10 82.7 | 13.3 | 2.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.3 6.2 
11 90.1 | 5.6 1.4 0.0 1.4 1.4 0.0 0.0 0.0 0.0 0.0 0.0 4.5 
12 80.8 | 19.2 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.1 
13 85.7 | 9.5 2.4 2.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.2 
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Water consumption, I/s Average 
Floor 12.5- 81 101 121 consumpti 
: ; >14 
0-3.5 | 4-7 |7.5-12 50 21-30 | 31-40 | 41-60 | 61-80 100 | 120 | 140 0 sii 


basement | 85.4 | 12.8 | 0.3 0.7 0.3 0.2 0.3 0.0 0.0 0.0 0.0 0.0 4.3 


semibasem| 70.3 | 25.0 | 0.0 1.6 1.6 1.6 0.0 0.0 0.0 0.0 0.0 0.0 5.3 


ent 
14 75.0 | 22.2 0.0 2.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.5 
15 85.7 11.4 2.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.0 


16 83.8 | 10.8 | 2.7 2.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.3 


17 89.5 | 10.5 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.8 


18—25 84.4 | 8.9 4.4 2.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.3 


mansard | 56.4 | 3.6 12.7 | 14.5 | 10.9 1.8 0.0 0.0 0.0 0.0 0.0 0.0 9.2 


attic 44.3 | 20.3 | 14.9 | 9.8 5.7 2.2 1.6 0.6 0.3 0.3 0.0 0.0 10.0 


Total 69.3 | 19.2 | 4.9 4.0 1.6 0.4 0.3 0.3 0.1 0.0 0.0 0.0 5.7 


—_ 94% 9,97 


1,6% 0,4% -.0,3% 0,3% 
4,9% — on 


= 0-3,5 
4-7 

= 7,5-12 
= 12,5-20 
= 21-30 

= 31-40 

= 41-60 


Fig. 3. Distribution of fires on objects of F1.3 FFH class depending on water consumption 


Figure 4 provides average water consumption during fire extinguishing, depending on the floor on which the fire 
occurred, for objects of F1.3 FFH class. The highest average water consumption was registered for fires that occurred in 
the attic and mansard —10 and 9.2 liters/s respectively, as well as on the first and second floors — 6.2 and 6.1 liters/s. 
For fires that have arisen on other floors, the average consumption was in the range of 4—S liters/s. The exception was 
the 10th floor. For fires on this floor, the average water consumption was 6.2 liters/s. Such a large expense was received 
due to one fire that occurred on September 30, 2021 in Tyumen at the address: Vostochny Administrative District, 
Narodnaya str., 10, for the extinguishing of which 15 units of fire equipment were involved and 26 fire-hose barrels 
were used. The total water consumption was 421 liters/s. With the exception of this fire, the average water consumption 
for fires on the 10th floor was 4.1 liters/s. 

For objects of F2 FFH class, fires with water consumption of no more than 7 liters/s accounted for 71.5% of the total 
number of fires, fires with water consumption of more than 30 liters/s accounted for 1.46%, fires with water 
consumption of more than 60 liters/s were not registered during the period under review. The average water 
consumption at facilities of F2 FFH class was 8.2 liters/s. 
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Fig. 4. Average water consumption depending on the floor of fire for objects of F1.3 FFH class 


For objects of F3 FFH class, fires with water consumption of no more than 7 liters/s accounted for 81.9% of the total 
number of fires, fires with water consumption of more than 60 liters/s were 0.38%, with water consumption of more 
than 100 liters/s — 0.08%. The average water consumption at facilities of F3 FFH class was 7.0 liters/s. 

For objects of F4 FFH class, fires with water consumption of no more than 7 liters/s accounted for 77.6% of the total 
number of fires, fires with water consumption of more than 60 liters/s accounted for 1.13%, with water consumption of 
more than 100 liters/s — 0.48%. The average water consumption at facilities of F4 FFH class is 8.3 I/s. 

Figure 5 provides the distribution of fires by water consumption for objects of F5 FFH class. Fires with water 
consumption of no more than 7 liters/s accounted for 79.0% of the total number of fires, fires with water consumption 
of more than 60 liters/s were 0.35%, with water consumption of more than 100 liters/s — 0.18%. The average water 
consumption at facilities of FS FFH class was 7.6 liters/s. 
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Fig. 5. Distribution of fires on objects of F5 FFH class depending on water consumption 


Discussion and Conclusion. A comparison of the results obtained with the standards of SP 8.13130.2020 showed 
the following. 

The actual water consumption per fire for buildings of F1.4 class "single-family residential buildings, including 
blocked ones" turned out to be higher than for buildings of F1.3 class "multi-apartment residential buildings, including 
apartment-type dormitories", that is, 7.3 liters/s versus 5.7 liters/s. The maximum water consumption per fire in 
settlements with low-rise buildings, according to SP 8.13130.2020, was 40 liters/s, while for 29 out of 1000 fires at 
facilities of F1.4 class, the actual water consumption exceeded 40 liters/s (Table 1). 

According to Table 2, water consumption for external fire extinguishing per fire for buildings of F1.3 and F1.4 
classes depended on the number of floors of buildings and their construction volume. As studies have shown, the actual 
water consumption practically did not depend on the floor on which the fire occurred, but increased significantly for 
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fires in attics and mansards floors. At the same time, for buildings with a height of no more than two floors, the 
SP 8.13130.2020 determines water consumption of 10 liters/s per fire. The actual consumption for 109 out of 1000 fires 
for buildings of F1.4 class exceeded 12 liters/s. 

The scientific novelty of this study consists in the analysis of actual water consumption for outdoor firefighting, 
depending on functional fire hazard class of the fire object. It is shown that the actual water supply during fire 
extinguishing differs significantly for different objects — from 5.1 liters/s per fire for objects of F 4.2 class to 
10.7 liters/s for objects of F1.2 class. 

Thus, the water supply system used for fire-fighting purposes must have a capacity that provides the total amount of 
water needed to extinguish a fire, that is, when planning fire-fighting water supply pipelines, it is necessary to take into 
account not only the requirements of SP 8.13130.2020, but also the features of protection facilities. 

The results obtained in this work can be used to update the requirements of the code of rules SP 8.13130.2020, 
which will increase the effectiveness of actions of fire protection units in extinguishing fires. 
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3aABNEHHbIU BKIAO Coaemopos: 
A.A. Koxngatios — aHasIv3 CTaTHCTH4eCKHX JaHHBbIX, HallucaHve epBoro BapHaHTa CTaTbH. 
E.B. boOpuHes — dopmupopaHve OCHOBHOM KOHIIeMIMH, eM HU 3aqa4u VCCiIeqOBaHHA, BbIBOJbI 10 pe3ysIbTaTaM 


pacueTos. 
E.1O. Yqapyopa — cOop cTaTucTH4ecKHX JaHHbIX, peqakKTHpOBaHve OKOHYATeIBHOFO BapHaHTa CTaTbH. 


CV. Promnna — cbopMupoBaHie CimMcKa JIMTepaTypbl, MOATOTOBKa PHCYHKOB, PeaKTHpOBaHHe OKOHUYATeJIBHOrO BapHaHTa 


CTaTbH. 


Kougbauxm unmepecose: aBTopbl 3aABIAIOT OO OTCYTCTBHH KOHDIMKTa HHTepecos. 


Bce aéemopbl npodwumasu u odoépunu OKOHYAMEbHobIU 6apuaHm PyKonNucu. 
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Abstract 

Introduction. The need to increase the level of comprehensive safety, reduce accident and injury rates, minimize the 
risk of failures, accidents and catastrophes determines the relevance of research on the relationship of elements of the 
"human—machine—environment" (H—-M-—E) system during open-pit mining. One of the most effective mechanisms for 
studying the functional characteristics of the H-M-—E system of a coal mine is to conduct simulation modeling in order 
to identify problematic situations that trigger accidents with catastrophic consequences and injury to personnel. 
Simulation modeling of a technological process involves constructing a model of a real system and setting up 
computational experiments to describe the behavior of the system and evaluate various strategies that ensure its 
functioning. The aim of the research was to adapt simulation modeling technologies to solve the problem of complex 
safety during open-pit mining. Within the framework of the study, the task was to determine the elements that made the 
greatest contribution to the implementation of risks in the H-M-E system during stripping operations at a coal mine. 
The simulated subsystems were "human", "machine", "environment", and "weather conditions". 

Materials and Methods. Stripping process was considered in the ARIS eEPC (extended Event Driven Process Chain) 
methodology as a business process linking a set of subprocesses and/or business operations. To build a simulation 
model in the AnyLogic software environment, the business process of stripping works in ARIS eEPC notation was 
described by a graph representing a structure consisting of objects and connections between them. This approach 
allowed us to structure the sequence of events and operations and determine alternative outcomes that arose during 
stripping operations. 

Results. As part of the research, a method was developed for translating the formal model of the stripping business 
process in ARIS eEPC notation into a combined simulation model of AnyLogic. Based on the developed method, a 
series of machine experiments was carried out. The elements influencing the realization of the risk of accidents in the 
H-M-E system of a coal mine were determined. 

Discussion and Conclusion. For the first time in the domestic practice of research of the H-M-—E system, simulation 
modeling technologies have received an application for the analysis of complex safety indicators during open-pit 
mining. According to the simulation experiment results, it was found that the main influence on the decrease in the 
reliability of the "machine" subsystem was exerted by the human factor, which, together with the psychophysiological 
properties of a person, enhanced the development of the domino effect when implementing various types of risks. The 
presented results and experimental approbation of simulation modeling technology can have advanced use in the 
analysis of complex technical systems safety, taking into account the influence of human and man-made factors. 


Keywords: simulation modeling, “human-machine-environment” system, analysis of risk at an open-pit coal mine, 
agent-based modeling of overburden face, AnyLogic, eEPC, ARIS 
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AHHOTauHA 

Beedenue. HeoOxoxuMocTb NOBbIMeCHHA YPOBHA KOMINJICKCHOM Oe30MacHOCTH, CHWMKEHHA MOKa3zaTeseH aBapHMHOCTH UH 
TpaBMaTH3Ma, MHHUMH3alMH PHCKa OTKa30B, aBapHii HM KaTacTpod MmpesompeyemmeT akTyaIbHOCTh McceqOBaHul 
B3aMMOCBA3H 9JIEMCHTOB CHCTeMbI «4eIOBeK — MallMHa — cpeya» («4-M-—C») mpu mpoBeyeHHH OTKPBITBIX TOPHBIX 
padot. OnHuM “3 HanOosee 9¢:PeKTHBHBIX MeXaHH3MOB UCCIeOBaHHA (PYHKIUMOHAIbHBIX XapaKTePHCTHK CHCTeMBI 
«Y—-M-C» yrosbHoro pa3pe3a ABJIAeTCA MpOBeyeHHe MMUTANMOHHOTO MOJeIMpOBaHHuA C LebIO BbIABICHHA 
TIpOOJICMHBIX CHTyalM, ABJIAIOWUXCA TpHITepaMu aBapuli c KaTaCTpo*uueCKUMH MOCeACTBHAMH HW TpaBMHpoBaHHeM 
nepconHama. WmMutayHoHHoe MoseuMpoBaHHe TexHOJOrM4ueCKOrO Mpolecca mpeswouaraeT KOHCTpyHpoBaHue MOJeIu 
peauIbHOM CHCTeMBI HW MOCTaHOBKY BBIYMCJIMTeIbHBIX SKCIIEPHMEHTOB Jit OMMCAaHHA MOBeCHHA CHCTeMbI UH OWCHKH 
pa3JIM4HBIX CTpaTeruli, oOecneunBalomnx e6 PyHKyMoHMpoBaHne. Llenbr1o WaHHOro MCCeAOBaHHA ABIIAeTCA aanTayHa 
TeXHONOrHH MUMUTALMOHHOTO MOJeIMpOBAaHHA JIA peWICHHA IpOOJeMbI KOMIVIeKCHOM OesornacHOcTH IIpH MpoBeyeHHu 
OTKPBITBIX TOPHBIX padoT. B pamKkax MccieqOBAaHuA TMOCTaBsIeHa 3aa4ua OlpeeeHuA BJICEMCHTOB, BHOCALIHX 
HaMOObUIM Ba B peasIM3al[HI0 pHCKOB B cucTemMe «4—-M—C>» mip poBeyxeHHU BCKPBIWIHbIX paOoT Ha yrOJIbHOM 
paspe3e. B kauecTBe MOJIeJIMpyeMBIX MOJICHCTeEM BbICTYNaIOT «4EIIOBEK»>, «MaIIMHa», «Cpeya», «MOrOAHbIe YCIOBHD». 
Mamepuanot u memoovi. Uipouecc BCKpBIIHbIX paboT paccMoTpeH B MeToyonoruH ARIS eEPC (extended Event 
Driven Process Chain) kak 6u3HeC-Mpolecc, CBA3bIBAaIOIIMH COBOKYMHOCTb MoaMpoleccos v/HIM Ou3HeC-onepalnii. 
J\ia ocTpoeHuaA MMMTalHOHHOM MoyemM B IporpaMMHol cpeye AnyLogic Ou3Hec-mpolecc BCKPBbIIMHBIX paOoT B 
HotaynH ARIS eEPC onucan rpadom, mpeycTaBIaIoWlMuM CTpyKTypy, COCTOALYIO 13 OOBCKTOB H CBA3eH MEXK]Y HAMM. 
Jlanuplit moAxXO MO3BOAeT CTPyKTypHpOBaTb OCIeMOBaTebHOCTb COOBITHHM HM OnepalHi HU oMnpeyenuTs 
asIbTepHATHBHbIe HCXOJbI, BOSHUKAIOMHE B IIpPOMecce BIMOJIHCHHA BCKPbILIHbIX paovor. 

Pezynbmamoi uccnedoeanua. B pamkax UccieqOBaHuA pa3spadoTaH MeTOL TpaHciANHu PopMasbHOM Mose Ou3HeEC- 
Tipolecca BCKPbIMIHbIX paoOoT B HoTayHH ARIS eEPC B komMOuHMpoBaHHylo MMUTAaMOHHy!O Moyes AnyLogic. Ha 
ocHoBe pa3paOboTaHHOro MeTOJa MIpoBeyeHa CepHA MALIMHHBIX IKCIICPHMEHTOB, OMpeeICHbI IJICMCHTHI, OKa3bIBarOlHe 
BIMAHME Ha peasiv3allMto pUcKa aBapuit B cucreMe «U—M—C» yromHoro pa3pe3a. 

O6cyscdenue u 3aknio4enue, TexHONOrMH HMUTAIMOHHOTO MOJeIMpOBaHHA BIIepBbIe B OTeEYeCCTBEHHOM pakTuKe 
vicculeqoBaHHi cuctempl «4-M-—C» nomyuHiM UpWioxKeHHe WIA aHasiM3a WOKa3aTeeH KOMIVICKCHOM Oe30macHocTH 
IIpH MpOBeqeHHH OTKPBITEIX TOpHBIX padot. Ilo pe3ymbTaTaM MMUTAIMOHHOTO 9KCIepHMeHTa YCTaHOBJICHO, TO 
OCHOBHOe BJIMAHHe Ha CHWDKeHHe HajlexKHOCTH MOACHCTeMBbI «MaLlMHa>) OKa3bIBaeT YeIOBeYeCKHH (PaKTOP, KOTOPBIi B 
COBOKYHHOCTH C ICHXO(H3HOOrM4YeCKHMU CBOMCTBaMM 4eIOBeKa YCHIMBaeT pa3BuTHe 3ddekta JOMMHO pH 
pearM3aluH pHCKOB pa3yIM4HBIX THMOB. IIpeycTaBNeHHble pe3yIbTaTbI MW OMMbITHad allpoOalua TexHOOrHn 
MMHTAalMOHHOrO MOJeMpOBaHHA MOryT HMCTb paclIMpeHHOe MCHONb30BaHHe Mp aHasH3e Oe30MacHOCTH CJIOKHBIX 
TEXHHYCCKHX CHCTeEM C YYCTOM BIIMAHHA YEJIOBEYECKOTO H TEXHOFeHHOTO (PakKTOPOB. 


KaroyeBbie COBa: HMHTAalMOHHOe MOseuMpoBaHve, CHcTeMa «4esIOBeK — MalliMHa — cpeyja», COOBITHMHEIM aHasH3 
pucKa Ha YIOJIbBHOM pa3pe3e, areHTHOe MOJeIMpoBaHHe BCKpbIWIHOrO 3a008, AnyLogic, eEPC, ARIS 


Baarojapnocrnu. ABTOPBI BbIP@KAarOT OlaroqapHOcTb peqakKyHH UW peweH3eHTaM 3a BHHMaTeJIbBHOe OTHOMICHHe K 
CTaTbe HW yKa3aHHble 3aMevaHHA, KOTOPble MO3BOJIMJIN MOBbICHTb Ce KadeCTBO. 
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aBapvu Ip MpoBeqeHHU BCKPBIMIHbIX paOoT Ha YrObHOM pa3pe3e. bezsonacHocmb mexHOZeHHbIX U NPUpPOOHbIx 
cucmem. 2023;7(4):40—54. https://doi.org/10.23947/2541-9129-2023-7-4-40-54 
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Introduction. During stripping operations at coal mines, the issues of improving safety, reducing accidents, and 
eliminating cases of injury have always been and still are in the focus of special attention. It is they that give relevance 
to all research in this field. A modern view on the problem of formation of prerequisites for accidents at a coal mine 
suggests considering them in the format of the H-M-E system developed in [1, 2]. The system includes an operator- 
driver of an excavator, a bulldozer, a drilling rig, a dump truck driver (man), a mine excavator, a bulldozer, a drilling 
rig, a dump truck (machine), a stripping face, a coal face, a drilling unit (working environment). These subsystems 
interact with each other according to a given technology and the established organization of work within the 
technological process. In addition to the main components of the system, its model includes connections between them 
and the surrounding environment, which includes weather conditions, mining and geological factors (rock strength, 
groundwater level, stability of the side of the section). 

Functioning of the H-M-E system is accompanied by the implementation of various types and risk groups that need 
to be identified in a timely manner and take the necessary measures to protect the system and mitigate the consequences 
in case of danger. An effective mechanism for investigating functional characteristics of the simulated H-M-—E system 
of a coal mine and identifying problematic situations that trigger accidents with catastrophic consequences and injury to 
personnel is simulation modeling. 

Simulation modeling of a technological process involves constructing a model of the system under study and setting 
up computational experiments in order to describe its behavior and evaluate (within the limits imposed by some 
criterion or their combination) various strategies that ensure functioning of this system [3]. Simulation modeling is a 
key tool for studying the behavior of real systems, though it does not solve optimization problems. It rather represents a 
technology for evaluating the values of functional characteristics of the simulated system, allowing us to identify its 
problem areas [4]. Simulation models are widely used in the prediction of logistics systems behavior, design and 
location of enterprises, optimization of the existing processes, training of personnel, etc. 

Currently, there are three main directions in the field of simulation modeling: system dynamics, discrete-event and 
agent-based modeling. These directions differ in the level of abstraction of the models modeled in their environment. 
Three levels of simulation modeling abstraction are noted: strategic (high-level strategies that model the behavior of 
people, organizations), tactical (building models of queuing systems and business process models), operational 
(building models of mechatronic systems, street and pedestrian traffic, etc.) [5, 6]. 

The process of stripping operations at a coal mine can be considered in the ARIS eEPC methodology (extended 
Event Driven Process Chain — extended notation of the description of the process chain) as a description of the flow of 
sequentially performed works, arranged in the order of their execution [7]. This situation is presented as a business 
process linking a set of sub-processes, and/or business operations, and/or business functions, during which certain 
resources are consumed and a product is created (a tangible or intangible result of human labor: an object, a service, a 
scientific discovery, an idea) that is of value to the consumer [8]. 

Simulation modeling is carried out in the AnyLogic software environment, which is a flexible multi-agent modeling 
platform that is used to create a variety of simulation models in the field of business, engineering, logistics and other 
fields. Various means of specification and analysis of results available in AnyLogic allow us to build models (dynamic, 
discrete-event, agent-based) that simulate almost any real process, perform computer analysis of models without 
conducting real experiments and complex computational procedures [9]. 

Based on the objectives of the study and taking into account the experience of using simulation modeling 
technology, the following tasks were formulated that should be solved in this work: 

1. Describe the process of stripping in eEPC notation. 

2. Translate the stripping face model from the eEPC notation into a combined model of AnyLogic software 
environment; conduct a series of simulation experiments. 

3. Compare the results of simulation experiments modeling of the process of risk occurrence and its development 
into a cause-and-effect sequence of a catastrophic accident and injury to personnel during stripping operations in the H— 
M-E system of a coal mine. 

Materials and Methods. Business process of stripping operations at a coal mine in the eEPC notation [10, 11] can 
be described by a graph as G = {X,V}, where X and V are the main components of the model (Fig. 1) 

In Figure 1, G(graph) is a structure consisting of objects and links between them. In this context, the graph 
describes the stripping process and its logical structure. It helps to visualize the sequence of events and operations, as 
well as to determine what alternative outcomes may arise in the course of work. Figure 2 shows the main types of graph 
objects used in the construction of the simulation model. 
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Fig. 1. Graph of the stripping process 


1. X — set of model objects (graph vertices), where X = {S, F, D, I} and consists of four types of objects: 

e S (events): these objects represent various events or stages that occur during stripping operations, for example, 
"Setting the excavator in the face", "Rock excavation", "Loading of rock into a vehicle". An example of the 
implementation of this object in a simulation model is presented by the service block "Beginning of the mining cycle" 
in Figure 2 a. 

e F (function): functional objects that can be used during technological operations. These are operations necessary 
for the successful completion of the process, for example, visual monitoring of the current state of the excavator or the 
face, monitoring the position of the dump truck and other technological equipment or people in the face. An example of 
the implementation of this object in a simulation model is presented by the service unit "Visual inspection of the face" 
in Figure 2 b. 

e D (operation): operations required to perform stripping operations, for example, technical inspection or repair of 
an excavator, elimination of violations of safety rules, and so on. An example of the implementation of this object in a 
simulation model is presented by the service unit "Excavator failure detection" in Figure 2 c. 

e I (XOR/OR rule): these objects define the logic of branching and merging in the process. The OR rule indicates 
that after executing several alternative events, the process can continue if at least one of them is completed. For 
example, a machinist checks the working condition of an excavator at the beginning of a shift. This event can have two 
outcomes: "technical condition is correct"; "malfunctions have been detected". Both outcomes lead to the realization of 
different branches of the model development events. The XOR operator means that only one of several alternative ways 
of developing the model is selected. For example, when an excavator equipment failure is detected by a machinist, the 
XOR operator sets the probabilities of alternative outcomes: "the working condition of the excavator has been restored", 
"malfunctions have been identified that do not affect the operation of the excavator", and "operation of the excavator is 
unsafe". An example of the implementation of this object in the simulation model is presented by the SelectOutput 
block "Excavator failure type, XOR rule" in Figure 2 d. 
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Fig. 2. Diagram of graph objects implementation in the simulation model: 
a — "event" (the beginning of the mining and excavation cycle); b — "function" (visual inspection of the face); c — "operation" 
(detection of excavator failures); d — "XOR rule" (implementation of the type of excavator failure); e — "arc" (transition from shift 
acceptance to checking the working condition of the excavator); f— "edge" (alternative ways of branching the further process with 
visual control of the state of the face) 
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2. V — the set of arcs and edges that connect objects from the set, that is, the vertices of the graph. V is divided into 
two subsets: 

e Vn (arcs): these relationships between objects indicate a sequence of events or operations. For example, "Shift 
acceptance" is associated with "Checking the working condition of the excavator", as this is the next step in the process. 
An example of the implementation of the "arc" in the simulation model is shown in Figure 2 e. 

e Vr (edges): edges connect vertices with XOR/OR rules, which determine which alternative branching paths may 
occur in the process. For example, after the start of "Rock excavation" there may be an edge that connects to the OR 
operator. This means that after the extraction of the rock from the pillar, several different events may occur ("safety 
violation has been committed", "there is no safety violation"), and the process will continue if at least one of them is 
completed. An example of the implementation of an edge in a simulation model is shown in Figure 2 f- 

Agent component of the model in AnyLogic is implemented using the base object — an active object. The active 
object has parameters, variables that can be considered agent memory, statecharts express behavior: object states and 
state changes under the influence of events and conditions. The agent in the simulation model of the stripping process is 
the "Environment" block. The logic of the model provides that the "Environment" influences the magnitude of the 
driver's error when processing incoming information. In the model, the influence of the "Environment" on the 
perception of information by the driver is realized by modeling the state of weather conditions. Heavy rain leads to 
deterioration in visibility from the driver's cab, which may be the reason for incorrect perception of information about 
the state of the face or the current state of the excavator components. A strong wind raises a cloud of coal dust, which 
also disrupts visual contact between the driver and the face. Therefore, when the "Environment" does not generate a 
signal about changes in weather conditions, the probability of a driver's error in | hour of work is 94%, when a signal 
from the "Environment" enters, the probability of an error increases to 96% per hour of work. The generation of 
changes in weather conditions is carried out randomly. 

The Discrete Event Model in AnyLogic is implemented using probability distribution functions and can be 
described as ALM = {Oper, Var}. Such a model is used when events occur at discrete points in time and can affect the 
course of the process, and allows you to model and analyze the stripping process taking into account random factors and 
variability. 

1. Oper — a set of event transition objects between operations performed, includes the following elements: 

e Source: a place where events begin or are created, for example, the beginning of the production of works by the 
excavator operator after receiving the work order; 

e SelectOutput: a mechanism that determines where an event will be directed after it has occurred. For example, 
after the driver has completed visual inspection of the condition of the face, SelectOutput will help determine which 
action will be the following one: continue work or proceed to the elimination of industrial safety violations in the face. 

2. Var — a set of variables that are used in the model to store data or process state. For example, these are variables 
that track the execution time of each operation or event. 

The interaction of the elements of the proposed model in the process of occurrence and realization of risk is 
discussed below on the example of performing a technological operation for excavating rock from an overburden by a 
driver of a hydraulic quarry excavator. The aim of conducting an experiment on simulation modeling of the process of 
stripping operations at a coal mine in the ARIS eEPC notation was to determine which of the subsystems ("human", 
"machine", "environment") makes the most significant contribution to the causal chain of prerequisites for the 
implementation of risk in the H-M-—E system 

Results. The simulation modeling method is applicable for a priori assessment of the possibility of risk realization 
and its development into technogenic accidents. At the same time, the requirement for the mass and stochasticity of the 
process under study is observed, which allows the use of simulation modeling to predict the implementation of risk and 
accident and injury parameters. 

At the first stage of the modeling process, the stripping face model from the eEPC notation is translated into a 
combined model of the AnyLogic software environment, which allows you to determine the probabilities of events in 
the XOR and OR branching rules. Based on the proposed method, a model is built in AnyLogic. After obtaining the 
structure of the combined simulation model, the numerical characteristics of the model objects necessary for simulation 
modeling are determined: indicators for eEPC functions (work completion time), the number of performers 
(organizational units), probabilities of events in the branching rules, probabilities for XOR and OR. A description of the 
correspondence of objects of eEPC notation model and elements of the combined simulation model in the AnyLogic 
language is given in Table 1. 
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Table 1 


Description of the correspondence of objects of eEPC notation model and elements of combined simulation model in 
the AnyLogic language 


Object of the eEPC : ; : C ding AnyLogi ar : 
poe Graphic designation er eee Description of the AnyLogic element 
model element 
Function State Simple state of the statechart 
FEXEG S:ES nEAECABM (state diagrams) 
—s 
Initial Event Transition Transition from the hyperstate of the 
S;ESEXEG <> TmESnEAEABM statechart to a simple state. It can also 
Event o—(O——o be determined by the timer set by the 


Sm, SfESEXEG 


analyst 


Material resources 


Operation Variable Variables are used to model changing 
(Product/ Service) VareEEABM characteristics to store simulation 
PEXEG : results. The change in quantitative 
@ variable 
resources occurs in the state of the 
statechart, it is programmed in the 
Java language 
Branching rules 
OR rule Transition When switching from a simple state 
RorEREXEG TmESnEAEABM of the statechart to a hyperstate, the 
| Action transition method in Java 
XOR rule programs the logic of the agent's 
Ryor€ REXEG decision-making 


As a prototype of agents, combinations of eEPC operations are used, which are performed in each of the subsystems 
"human", "machine", "environment". The behavior of agents is realized by the modules "operation", "function", and 
"event". The transition between operations is carried out with a time delay, which is determined stochastically, that is, 
each simple operation is given a time delay for transmitting a signal to the next operation. This delay is described by the 
probability distribution function corresponding to this operation. The probabilistic logic of XOR and OR branching 
rules is implemented during the transition between operations and is programmed in the corresponding stochastic nodes 
of the model. 

For technological operations of the stripping process, the probability distribution function of its execution time is 
determined based on the following indicators: 

— statistical data obtained from the results of time study observations; 

—calculated parameters (calculation of time intervals of operations based on statistical data); 

— expert judgments. In the absence of statistical data, the expert value of the time distribution function of operations 
or the probability of an event for a stochastic node was assumed. An example of choosing a probability distribution 


function for a simulation model is given in Table 2. 
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Table 2 
Example of choosing a probability distribution function 


Probability distribution 


. Logic of choosing a distribution function 
function 


Event 


Discrete transitions from shift acceptance to the start of the mining and excavation cycle. Transition intervals 
between operations are expressed in time units, min., hour 


Checking the technical Unform (3, 7) Time interval is chosen based on timing 
readiness of the excavator, 
min. 


Perception and processing of information by the machinist during the cycle of excavation and loading operations. 
The intervals of transitions between operations are expressed in time units, s. 


Visual control of the state of Unform (1, 3) Time interval is chosen based on timing 
the face, min. 


Realization of risk when performing stripping operations. Transition intervals between operations are expressed in 
time units, sec., min. 


Actuation of the excavator Exponential Expert assessment 
protection (166.67, 0.005) Opening time of the safety valve is considered as a 
for the ball valve, s. random event. The opening time of the safety valve is 


a random variable with an average value (mathematical 
expectation) ut, the probability density function of the 
exponential distribution has the form f(x) = A * exp(- 
Ax), where x — opening time of the valves, 4 = 1/u — 

intensity parameter. 
The opening time of the safety valve (x) is from 5 to 
15 ms. at the speed of movement of the locking piece 
from 10 to 30 cm/s. The ball and conical valves have 
the highest speed, which are triggered in 6 and 8 ms., 
respectively. 

For the safety valve, the limitation of the response time 
within 0.9 seconds is taken into account to avoid 
failure of the actuating element. The value of 1 
(intensity) calculated as the inverse of the opening 
time: 
for a ball valve: 1 = 166.67 ms., 
for a conical valve: A = 125 ms. 


Probabilities of occurrence of events in the branching rule XOR and OR 


Accuracy of the reaction Output true: Gamma Expert assessment 
of the driver (1, 1.42857142857, 0.7) For modeling, we use the gamma distribution, since it 
allows us to determine the probabilities of the duration of 
time before a certain event, i.e. the reaction of the driver 
to deviations in extreme conditions. 

X = 0.7 — hidden reaction time + processing of a unit of 
information = 42 s. or 0.7 min. Since there are no 
statistical data or expert estimates, the assumed values for 
the parameters are accepted a = | and B = 
1/x=1/0.7=1.42857142857 (the inverse value of the 
minimum reaction time) 


The "Environment" agent behavior is set by a state diagram (Java code that randomly generates weather changes: 
rain or wind). The simple conditions of the state diagram correspond to the eEPC functions. The agent state diagram 
consists of several simple states that the agent enters after each function is performed. The probabilistic logic of the 
XOR and OR branching rules is implemented in the Java Action transition method when changing states. 
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Figure 3 provides the page for launching the simulation model in AnyLogic. When initiating a simple experiment in 
the AnyLogic environment, the model starts with the specified parameter values, supports time mode, animation and 
debugging of the model. Before starting the launch, you need to select the start date of the experiment, time and number 
of drivers in the shift. The number of drivers in a shift by default is equal to the number of faces and the number of 
excavators in a shift. 
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Fig. 3. Launch page for the simulation of the combined simulation model of the stripping face 


Figure 4 provides a fragment of the model (shift acceptance) based on the eEPC model, its active objects and 
environment. Active objects are entities that can perform actions, change their state and interact with each other inside 
the model. They are elements that have their own behavior and can affect other objects and elements of the model. An 
environment is an area in which active objects perform their actions, move and interact with each other (for example, a 
physical space — a stripping face, an excavator cabin). In a discrete-event environment, active objects process events, 
change their state, and interact through event queues. 
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Fig. 4. Active objects and their environment in the AnyLogic combined simulation model 
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Tables 3-9 present the comparison results of the data of modeling the process of risk occurrence and its 
development into a cause-and-effect sequence of a catastrophic accident and injury to personnel in the H-M-—E system 
of the coal mine. Simulation studies in the AnyLogic system were carried out for the same model period of time 
(11 model hours — shift duration) and with the same input data (with 10 experimental identical runs of the model). In 
each of the experiments, the number of machinists, excavators and faces was five per shift. 

Table 3 
Statistics of reliability indicators of the "machine" and "environment" subsystem in the H-M-E system of the coal mine 
during shift acceptance, % 


Experiment no./ 
1 2 3 4 5 6 7 8 9 10 Average 


operation 
"Environment" subsystem 
Operation of the face is unsafe | 11 5 10 6 15 13 13 16 13 24 13 
Operation of the face is safe 89 95 90 92 85 87 87 84 88 76 87 


"Machine" subsystem 


Emergency failure 7 


Complex malfunctions = 


Troubleshooting issues — 100 |} - = 100 = = = 100 |; - 100 


Operation time 100 | 100 ; 100 | 100 | 100 | 100 | 100 | 100 |; 100 | 100 100 


Repair time = _ — = = 7 _ = = 


At the acceptance of the shift by the drivers, the malfunctions that could be eliminated were detected, which did not 
affect the unplanned downtime of the excavators, as a result of which the excavators were in operation all the time. 

In 87% of cases, when accepting a shift, the drivers did not detect violations of the requirements of the rules of 
industrial safety in the face. In 13% of cases, violations were detected, which led to the downtime of the stripping face 
"until the violations were eliminated". 

Table 4 
Statistics of the reasons for reliability decrease of the subsystems "machine", "environment" when performing a cycle of 
excavation and loading operations, % 


Experiment no./ 
: 1 2 3 4 5 6 7 8 9 10 Average 
operation 


"Environment" subsystem 


Violations on the human 


46 61 52 67 53 60 64 65 56 48 57 
factor 
Violations due to the 
unsatisfactory state of the 54 39 48 33 47 40 36 35 44 52 43 


external environment 


"Machine" subsystem 


Failures during operation 21 9 25 31 18 24 16 17 25 20 21 


Failures due to poor 
79 91 75 69 82 76 84 83 75 80 79 
organization of work 


During the cycle of excavation and loading operations, at visual inspection by the machinists, deviations in the 
operation of the excavator were detected and local violations of industrial safety requirements in the overburden were 
allowed. About 57% of the violations in the face were due to the human factor, which was due to the insufficiently 
efficient organization of the operating personnel work (lack of proper control by the line engineers and technicians, 
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suspension of work due to violations). Similarly, the insufficiently effective organization of work affected the failures 
of the excavator during the execution of work (failure to carry out scheduled repairs, run-to-failure). 


Table 5 
Statistics of the driver's reaction to the loss of the dynamic equilibrium of the H-M-E system, % 
Experiment no./ 
1 2 3 4 5 6 7 8 9 10 | Average 
operation 
Complete elimination of the 
44 46 42 55 56 56 55 63 46 49 51 
deviation 
Partial elimination of the 
24 26 32 22 25 27 18 20 22 30 25 
deviation 
The deviation cannot be 
32 28 26 22 19 17 27 17 32 21 24 
eliminated 


During the realization of emergencies, in 51% of cases, the drivers completely eliminated deviations from the 
normal operating mode of the excavator and the face. At the same time, the proportion of partially eliminated violations 
and violations that could not be eliminated was approximately the same. 

In the rows of Table 6, statistics on the actions of the driver in case of violation of the dynamic equilibrium of the 


system are presented in fractions according to the following scenarios: 1 — "partial elimination of the deviations 
occurred", 2 — "deviations cannot be eliminated". 
Table 6 
Statistics of the driver's actions to the loss of the dynamic equilibrium of the H-M-E system, % 
Experiment 
no./ 1 2 3 4 5 6 7 8 9 10 Average 
operation 
Precise 
—/- 7/10 10/ /1 / 9/14 8/- 7/- 7/5 —/- 8/7 
action 
Erroneous 
; 100/100 | 93/90 | 90/100 | 17/16 | 96/100 | 91/86 | 92/100 | 93/100 | 93/91 | 100/100 86/88 
action 
Inaction / /: / / 6/ / /: /: /5 / 6/5 


With partial elimination of the deviation in 86% of cases, the attempts of the drivers to stabilize the operation of the 
H—M-E system were erroneous and only 8% were successful. As a result, erroneous actions led to an increase in the 
proportion of deviations that could not be eliminated. 


Table 7 
Statistics of alternative outcomes of the model, % 
Experiment no./ 
1 2 3 4 5 6 7 8 9 10 Average 
type of outcome 
Adverse environmental 
24 22 23 16 24 24 20 19 26 30 23 
effects 
Excavator failure 12 4 14 16 8 11 7 9 10 7 10 
Inefficient organization 
43 4] 38 32 40 38 42 41 28 35 38 
of work 
Operating personnel 22 33 25 36 28 27 31 31 36 28 30 
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Most often, the combined model realized alternative outcomes associated with inefficient organization of work and 
operating personnel. Thus, the human factor was the main reason for the loss of dynamic equilibrium by the H-M—E 
system during the stripping face simulation. 


Table 8 
Statistics on the risk type realization in the H-M-E system of the open-pit coal mine, % 


Experiment no./ 
1 2 3 4 5 6 7 8 9 10 Average 
type of outcome 


Dangerous mistake 53 55 33 61 55 61 55 48 46 68 53 
Dangerous failure 45 40 61 36 39 39 42 48 49 32 43 
Operating personnel 3 5 6 3 6 0 3 4 6 — 4 


According to statistics, the risk associated with the assumption of a dangerous mistake by machinists during 
stripping operations was most often realized; its share was 53%. The share of dangerous excavator failure accounted for 
43% of cases, operating personnel — 4%. Thus, the trigger for the development of risk was the human factor due to the 
insufficiently effective organization of work. The effect of the human factor was amplified by the error of the driver in 
the process of work, which could lead to a domino effect when risks were realized. 

In the rows of Table 9, the results of modeling the three outcomes of the experiment in the realization of risk are 


presented through a fraction: 1 — "dangerous error", 2 — "dangerous failure", 3 — "uncalculated external influence". 
Table 9 
Statistics of experiment outcomes in the realization of risk in three scenarios, number of cases 
Experiment no./ 
1 2 3 4 5 6 7 8 9 10 Total 
type of outcome 

20/ 29/ 12/ 20/ 17/ 20/ 17/ 12/ 16/ 15/ 178/ 

siikereay gitaalGna have 17/ 21/ 22/ 12/ | 1a | 13s | aay | tay | aw | 7 146/ 
eed 1 3 2 1 a = 1 1 a |= 13 

19/ 26/ 12/ 17/ 16/ 20/ 16/ 9/ 16/ 14/ 165/ 

Dangerous situations have 17/ 18/ 21/ 12/ 10/ 13/ 12/ 10/ 16/ 6/ 135/ 
been eliminated 1 3 1 1 1 - 1 1 2 - 11 
-/ 1/ -/ 3/ -/ -/ -/ 1/ -/ -/ 5/ 
"Human" subsystem failure -/ 1/ 1/ -/ -/ -/ 1/ -/ -/ -/ 3/ 
2 i. e = 1 1 
-/ -/ | / / / | / / / / 
Catastrophe -/ -/ / / / / / / / | / 
-/ 1/ -/ 3/ -/ -/ -/ 1/ -/ -/ 5/ 
Incident, accident, failure =f 1/ 1/ =. =| =) 1/ -/ =i) -/ 3/ 
_ of = 2 1 ; 
-/ -/ | | / / / / / / / 
Injury to personnel “I = / / / / / / / / / 
1/ 2/ -/ -/ 1/ -/ 1/ 2/ -/ 1/ 8/ 
"Machine" subsystem failure I 2/ Fi =I 2/ =f ah 2/ V/ V/ : 
-/ -/ | | / / / / / / / 
Catastrophe “I -/ / / / / / / / / / 
1/ 2/ -/ -/ 1/ -/ 1/ 2/ -/ 1/ 8/ 
Incident, accident, failure -/ 2/ ‘i =H 2/ al - 2/ V/ 1/ d 
-/ -/ / / / / / / / / | 
Injury to personnel -/ -/ / / / / / / / / / 
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Analyzing the results of modeling the outcome of "Dangerous error" risk, we can conclude that in 93% of cases the 
system was able to bring to dynamic equilibrium due to the activation of the excavator protection and the precise 
reaction of the driver. Nevertheless, the protection of the excavator failed more often, as a result of which the "machine" 
subsystem had a greater impact on the implementation of this risk. In turn, the failure of the excavator protection may 
occur due to untimely scheduled repairs or failure to carry out scheduled inspections of the operation of regular 
protections and locks of the excavator, which was a consequence of the human factor. 

When implementing the outcome of the risk of "Dangerous Failure", it was possible to bring the system into 
dynamic equilibrium in 92% of cases. At the same time, failures of the "machine" subsystem also constituted the main 
cause of the occurrence of a risky event "Incident/accident/refusal". 

When implementing the outcome of the risk of "Uncalculated external influence", it was possible to bring the 
system into dynamic equilibrium in 85% of cases. At the same time, one failure was registered for the "man" subsystem 
and the "machine" subsystem. 

Discussion and Conclusion. Based on the results of simulation experiments on modeling the process of risk 
occurrence and its development into a causal chain of a catastrophic accident and injury to personnel in the H-M—E 
system of the coal mine, it was concluded that the most significant contribution to the prerequisites for the realization of 
risk in the H-M-E system was made by the "man" subsystem. Despite the fact that when implementing the outcomes of 
"Dangerous failure" and "Dangerous error", the risks of "Incident/accident/failure" occurred due to a decrease in the 
reliability of the "machine" subsystem, they were caused by the actions or inaction of personnel, that is, the human 
factor. 

The decrease in the reliability of the "environment" subsystem, according to the results of the simulation 
experiment, was 57% due to the human factor (intentional deviations from the work project, the admission of violations 
in the race for volumes). And only 43% was due to the consequences of the unsatisfactory state of the face. In turn, the 
unsatisfactory condition of the face was a consequence of low performance discipline of the machinist in combination 
with insufficiently effective production control by line engineers and technicians. 

The decrease in the reliability of the "machine" subsystem was also a consequence of the influence of the human 
factor, since failures of mining equipment in 79% of cases occurred due to insufficiently efficient organization of work, 
which led to an increase in unplanned downtime of the main technological equipment. 

It should also be noted that during the simulation experiments, there were no realizations of the risk of accidents 
with catastrophic consequences and injury to personnel during stripping operations. The following conclusions can be 
drawn from this fact: 

1. Safety and control measures applied during stripping operations are effective and prevent the occurrence of 
serious accidents or injuries successfully. 

2. A safety model or methodology of work was used, which demonstrated high efficiency in preventing potentially 
dangerous situations. 

3. The results of the experiments indicated competent training of personnel in the rules of safe performance of 
stripping operations and strict compliance with the established procedures. 

4. The absence of cases of injury to personnel indicated that all systems and equipment were functioning at a level 
that kept the risk of injury at the maximum permissible values. 

At the same time, it should be emphasized that the absolute absence of accidents and injuries to personnel during the 
run of the simulation model does not guarantee complete safety of future operations. In order to confirm the results of 
simulation experiments and further ensure safety, it is recommended to conduct a systematic risk assessment, analyze 
previous incidents and constantly improve mechanisms and procedures aimed at maintaining/improving the level of 
safety at the coal mine. 

Simulation modeling technologies for the first time in the domestic practice of research of the H-M-E system have 
received an application for the analysis of complex safety indicators during open-pit mining. The presented results and 
testing of simulation technology can be widely used in the analysis of safety of complex technical systems, taking into 
account the influence of human and technogenic factors. 
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Abstract 

Introduction. A significant part of the global and state economy is the production and supply of hydrocarbon raw 
materials. The issues of safety in this area will remain important in the coming decades. The problem is actively 
discussed in the professional and scientific community. Theoretical and applied works are published. Local, point-based 
methods are calculated and implemented, which allow predicting and preventing emergencies in certain units of the 
considered objects. At the same time, there are no sufficiently justified and reproducible system solutions that can take 
into account the state of, for example, oil or gas field as a single complex and act as indicators not only of ordinary local 
accidents, but also of systemic accidents — catastrophes. Such a scientifically and experimentally based solution is 
described in this article. The approach is proposed as part of the formation of a comprehensive scientific and technical 
program (CSTP) to ensure the safety of natural and technogenic objects (NTO). The aim of this work was to describe 
the practice of its application in the conditions of specific gas fields and to justify the refusal to focus on solutions that 
took into account only the minimum practically acceptable risk, that is, built on the ALARP principle (as low as 
reasonably practicable). 

Materials and Methods. The article was based on the results of field tests of natural and technogenic objects (NTO) of 
the oil and gas complex — the Yuzhno-Russkoye field of OJSC Severneftegazprom (SNGP), LLC Gazprom Dobycha 
Yamburg (GDYA) and the gas pumping station (GPS) Orlovka-2 (Ukraine), conducted with the authors’ participation. 
Significant results were obtained and evidence-based physically interpreted during acceptance tests of an explosion- 
proof certified, created under the guidance of the authors of a prototype of a disaster response system (DRS) at the 
integrated gas treatment plant (IGTP) in LLC GDYA in 2006. At the same time, for the first time in the world practice, 
the fact of early detection and parrying without consequences by means of DRS on the UKPG-2 of the development of 
a large-scale general industrial disaster was confirmed. 

In the form of graphs, the revealed patterns of NTO have been visualized, which made it possible to form harbingers of 
the development of accidents and catastrophes at the NTO of LLC "GDYA", SNGP and GPS "Orlovka-2". Information 
on the high experimental reproducibility of the obtained results was presented. 

The technology has been developed of early detection and parrying of all types of potentially dangerous self-exciting systemic 
phenomena on real NTO infrastructure — self-oscillations. Three cases of their excitation in real gas fields were presented. 
Results. The paper shows the fragmentary nature and locality of emergency protection systems based on the ALARP 
principle. The consequence of this was its complete unsuitability for early detection and counteraction to the most large- 
scale and costly system accidents — catastrophes that were multifactorial processes, in which none of the factors was 
decisive. The alternative complex solution of the problem proposed by the authors and brought to working condition 
was based on a system approach adapted to the NTO of the oil and gas complex. 

The measured parameters of various NTO infrastructure — fields of LLC "GDYA" and SNGP were processed and 
analyzed at the moments of development of self-oscillating modes on them, due to self-sustaining nonlinear 
mechanisms of interaction of NTO elements with constant (non-oscillatory) sources of energy replenishment. Three 
such modes of self-excitation were illustrated. The most informative in this case were the transient modes of operation 
of the equipment. 
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According to the technologies experimentally developed by the authors, the areas of critical operating modes of 
equipment with pronounced potentially dangerous bifurcation points were analyzed. The result of superimposing 
treatments of the measured parameters of eight full-scale tests of NTO — graphs of dimensionless amplitude-frequency 
characteristics of the interconnections of a real dynamic system was presented: "input — gas cooling housing" > 
"output — pipe casing" at the frequency of self-oscillations. 

Discussion and Conclusion. The capabilities of ALARP did not meet the tasks of system monitoring of the occurrence 
and development of dangerous incidents in gas fields. This conclusion can be attributed to all standard sizes of NTO 
infrastructure in Russia. Fundamentally different solutions should be used to ensure comprehensive observability, 
controllability, and safety of NTO. A comprehensive scientific and technical program is recommended: "Innovative 
hardware and software tools and technologies to ensure the observability, controllability, and safety of the NTO 
infrastructure of Russia". 


Keywords: natural-technogenic object, ALARP principle, safety of oil and gas fields, development of a system 
accident, counteraction to the development of accidents 
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AnnoTayna 

Beedenue. 3HauumMy!O 4acTb MMpoBOH HM YTocyapcTBeHHOM 9OKOHOMMKH COCTaBsIdeT oOnMa HM NOcTaBKa 
yreBOAOpOAHOrO cbhipba. AKTyaJIBHOCTb BOTIpOCoB Oe30MacHOCTH B STOM cibepe coxpaHHTca B TeyeHMe OpKaMIHXx 
qecatuneTui. IpoOsmema akTHBHO oOcyxKyaeTcaA B UpodeccHoHaIbHOM HM Hay4Hom coobmectBe. Ily6nuKyrotca 
TeopeTHYecKHe HM MpuKsaqHble padotsi. [pocuntTprBparoTcaA HU BHEPAIOTCA JIOKaJIbHbIe, TOUCUHbIC METOLbI, KOTOPIe 
MO3BOJIAIOT TIpeACKa3bIBaTb HW TipesyipexaTh aBapviiHble CHTyalMu B OMpeeseHHbIX y3slaxX PaCCMaTPHBaeMBIxX 
oOsbexTos. IIpu 3TOM HeT AOCTaTOUHO OOOCHOBaHHBIX HM BOCIPOM3BO]MMBIX CHCTeMHBIX PeLIeHH, CiHOCOOHBIX 
YUHTBIBATh COCTOAHMe, HallpHMep, HedPTAHOrO WIM Ta30BOrO MpOMBbICIa KaK €HHOrO KOMIVIeKca HM BbICTyMaTb 
WH]MKaTopaMu He TOJIbKO OOBISHBIX JIOKAIbHBIX aBapHii, HO H CHCTeMHbIX aBapHii — KaTacTpod. Takoe HayyHo 
3KCICPHMeHTaIbHO OOOCHOBaHHOe pellieHHe onMcaHO B TpeycTaBseHHou ctaTbe. Tloxxoq mpeaoKeH B paMKax 
(OpMupoBaHHA KOMIVIeCKCHOM HayyHO-TexHuYecKoH MporpamMMpl (KHTII) o6ecneyenua Oe3zonacHocTu UpuposHo- 
TEXHOreHHBIX OOBeKTOB (IITO). Leb pabotpl — onucaTb WpakTHuKy ero MpHMeHeHHA B YCOBHAX KOHKPeTHBIX 
Ta30BbIX IIPOMBICJIOB H OOOCHOBaATb OTKa3 OT OPHeHTAalHH Ha PeWICHHA, YYHTbIBAIOWIHe TOJIbKO MHMHMMaJIbHbI 
TipakTHYecKH IPHeMJIeMbIM PUCK, TO eCTb HoOcTpoeHHbIe mo mpHHyumy ALARP (aura. as low as reasonably 
practicable). 

Mamepuanei u memoodoi. UcxoyHbiMy [iA CTATbM CTaJIM pe3yIbTAaTbI MPOBeCHHbIX C yY4YaCTHeM aBTOPOB HaTypHbIx 
MCIbITaHHH += MpHpOAHO-TexHoreHHBIX oObeKToB (IITO) xHedtera3oporo Kommiexca — I[OxxHo-Pycckoro 
MecTopoxyeHua OAO «CesBepHedtera3npom)» (CHIT), OOO «fa3npom yoodsrma Amoypr» («lA») u 
ra3onepekaynBaiomjen ctanuuu (IIIA) «OpnosKa-2» (YkpanHa). 3HayuMbIe pe3ysIbTaTbI MOJYYeHbI U WOKazaTeIbHO 
(pu3H4eCKH MHTepIpeTUpOBAaHbI IPH MpHeMO-caTOUHBIX HCIIbITAHHAX CepTHPHUMPOBaHHOrO Ha B3pPbIBOOe30MAaCHOCTE, 
CO34aHHOrO TO, PyKOBOACTBOM aBTOPOB MIpOTOTHHa CHCTeMbI IIPOTHBOLelCTBHA pa3sBHTMIO KatTactpod (CIIPK) ua 
yCTaHOBKke KOMIWIeKCHOM nmogroTosKu ra3a (YKIIT) 8 OOO «A B 2006 rogy. [pu stom sBnepBbie B MupoBolt 
TipakTHKe ObiI akKTHpoBaH (akT paHHero OOHapy2KeHHA MH MapHpoBaHuaA Oe3 NocreycTBMHM cpeacTBamMu CIIPK na 
YKIT-2 passutua MacwitTaOHon OOMIeMpoMBICIOBOM KaTacTpodsl. 
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B Buye rpadvkKoB BH3yaIM3HpOBaHbI BBbIABJICHHbIe 3akKOHOMepHOocTH IITO, no3BomMBuIMe ciopMHpoBaTb 
TIpeABeCTHHKH pa3BHTHA aBapult Hu Katactpo* Ha IITO OOO «IA», CHIH u TMC «Opnosxa-2». peazctapnena 
WHPOpMallHA O BLICOKOM SKCIHEPHMCHTAJIbHOM BOCIIPOH3BOAMMOCTH HOJIYYCHHBIX Pe3YJIbTATOB. 

OtpaOoTaHa TexHOJIOrHa paHHero oOOHapyxKeHHA HM WapHpoBaHHa BCeX THIOB MOTCHUMaIbHO OMMaCHbIx 
CaMOBO30y2KTaIOWIMXCA CHCTEMHBIX ABJICHHM Ha peabubix IITTO undpactpyktyppi — apToxonedannn. Mpeyctapnenbi 
TPH CILyyad HX BO3Oy2KTCHHA Ha PeasIbHBIX Ta30BbIX IIPOMBICAX. 

Pezynomamet uccnedoeanua. (Vloxa3aHa (bparMeHTapHOCTb MM JIOKasIbHOCTb CHCTeM aBapHiiHol 3ammuTpr ITO, 
Oa3Hpyromluxca Ha pHuyune ALARP. CneyqcTBuem 9Toro cTalla ero NOJIHat HeMpHroJHOCTh id paHHero oOHapy2KeHHA V1 
MIPOTHBOJeHCTBHA CAMOOpraHH30BaHHO BO3Oy2KTaIOWMMcA HanOouee MacluITaOHbIM M 3aTpaTHbIM CHCTeMHbIM aBapiaM — 
KaTacTpotbaM, IpecTaBIAIOWMM coOol Mpoleccbl MHOrodakTOpHbie, HH OJMH H3 :akKTOPOB B KOTOPbIX He ABIJIAeTCA 
onpeyesronuM. ITpezioxkeHHoe aBropaMH MM WOBeeHHOe WO padouero COCTOAHMA aJIbTepHATHBHOe KOMIVICKCHOe pellieHHe 
TIpoOsiemb! Oa3snpyetcs Ha aanTupoBaHHom K ITTO Hedtera30Boro KOMIIeKca CHCTEMHOM TO Axoye. 

OopaOotaHbI HM MpoaHaM3upoBaHbl H3MepsAeMble apaMetpsl pa3sHBIx IITO uadpactpyKTypbl — mpompics0s OOO 
«iA» wu CHIIL B MomeHTEI pa3BHTHd Ha HUX aBTOKONeOaTeIbHBIX PpeXKHMOB, OOYCJIOBJICHHBIX 
CaMONOJepoKHBalOWMMUCA HeMHeMHbIMH MeXaHv3MaMM B3aHMMOelcTBua 9eMeHTOB IITO c nocTosHHBIMH (He 
KOJIeOaTesIbHbIMH) HCTOUHNKaMH BOCHONHeHHA 9Hepruu. [[pousrocTpHpoBaHo TpH TaKHX pexkHMa CaMOBO30y7KeHHA. 
HanOosee nHopMaTHBHBIMH Ip 3TOM OKa3asIMCb MepexOHble pexKUMbI padoTE! OOopyA0BaHHA. 

Ilo sKcMepHMeHTaIbHO OTpaOoTaHHbIM aBTOpaMH TeXHOJIOrHAM ObWIM WpoanaM3HpOBaHbI OOacTH KPpHTHYeCKHX 
pexkuMoB padoTs! obopyyOBaHHA C BbIPaKeHHbIMH MOTeHUMaIbHO OMacHbIMH TOUKaMH OudypKaunu. IIpexctapex 
pe3yIbTaT HaloxKeHHA OOpaOoTOK W3MepAeMBIX TlapaMeTpOB BOCbMHM HaTypHbIX ucnbitanui IITO — rpaduxos 
Oe3pa3MepHBIX aMIVIMTYHO-YaCTOTHBIX XapaKTepHCTHK B3aHMOCBA3eH PeaIbHOM JWHAaMMYeCKOM CHCTeMBI: «BXO — 
KOpllyc oxlaKeHuA ra3ay» — «BbIXOA — TpyOHas OOB13Ka Koprlyca» Ha YacTOTe aBTOKOJIeOaHHH. 

O6cystcOenue u 3akni0“enue. BosMoxHocTH ALARP He OTBeuaIOT 3aa4aM CHCTEMHOTO MOHMTOPHHTa BO3HUKHOBCHHA 
Pa3BHTHA OMAaCHbIX MHUMeCHTOB Ha Ta30BbIX MeCTOPOXKJCHHAX. OTOT BbIBO], MOXKHO OTHECTH KO BCeM THMOpa3sMepaM 
IITO undpactpyxtypsr Poccnu. Ja oOecneseHud KOMIVIeKCHOM HaOsOMaeMOCTH, yiIpaBsAeMocTH, Oe30lacHoOcTH 
3anquiyeHHoctTn IITO cnezyeT 3afelicTBOBaTb MIpHHUMMHaIbHO MHbIe pelieHus. PexoMeHyOBaHa KOMIIIeKCHad HaydHo- 
TexHwyeckad rmporpamMa: «MHHOBaI[MOHHBbIe MporpaMMHO-alinapaTHble cpeJCTBa HW TeXHOJOrHH B ObecTIeYeHHe 
HaOJIOaeMOCcTH, yupaBsItemocTH, OesonacHoctTu IITO undpactpyktyppi Poccum». 


Kiroveevie caoea: ttpupodHo-TexHoreHHbli OObeKT, UpHHuuM ALARP, Oe3sonacHocTb HedTera30BbIX TPOMBICJIOB, 
pa3BUTHe CHCTeMHOM aBapHu. MpoTHBOAeHCTBHe pa3sBUTHIO aBapHii 


Baarojapuoctn. ABTOpBI BbIparxKaroT OnaroyapHOcTb pewqakKwMv WU peneH3eHTaM 3a BHHMAaTCJIbHOe OTHOMICHHe K 
CTaTbe HW YKa3aHHble 3aMedaHHA, KOTOPbIe NO3BOJINJIN MOBbICHTb Ce KadeCcTBO. 


Aaa uuTupopanua. Jlegyyenxo ©.M., J[mutrpuescxui A.H. OOecneyenue Oe30nacHocTu MHdpacTpyKTypbI Ta3s0BbIx 
MecTopoxyeHHi cpeyctBamMu ALARP u cucTtemHoro mogxoga. besonacnocmb mexnozenHolx u npupooHelx cucmem. 
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Introduction. According to the Center for Research on the Epidemiology of Disasters (CRED), almost all large- 
scale system accidents are recorded post factum. This indicates a significant amount of work and efforts that are needed 
to ensure safety of natural and man-made facilities [1]. It should be emphasized that in this case, safety is a systemic 
(integral) nonlinear quality of a complex system. Scientific research in this area involves, in particular, the revision of 
stable stereotypes. One of them is the statement that the parts determine the properties of the entire object (including 
safety). It should be recognized that this theoretical approach (in some cases justified) does not find practical 
confirmation when it comes to the problems considered in the framework of this study. Not only the risks of epidemics 
and man-made disasters are growing in the world, but also the implementation of the worst scenarios and the enormous 
losses associated with them. The experience of recent years proves an extremely low awareness of the features of such 
processes and the inability to influence them. 

The first full-fledged emergency protection systems in the world practice were created in Russia in the 50s and 60s 
of the last century. Their authors were specialists in rocket space engines. In the 1970s and 2010s, as part of the 
conversion, civil industries were able to use these unique achievements to solve safety problems of complex general 
technical infrastructure facilities. First of all, the developments were used at nuclear and thermal power facilities, in the 
oil and gas complex, and aviation. In the circumstances concerned in 1995, on the initiative of the NPO Energomash 
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named after V.P. Glushko, the authors of the presented article formed an interdepartmental working group of the 
Russian Academy of Sciences. In 2014, it was legalized by the decision of the All-Russian Research Institute for Civil 
Defense and Emergency Situations of the Ministry of Emergency Situations of Russia (Federal Center for Science and 
High Technologies). 


The group took part in the works listed below. 

1. In 2006, for the first time in world practice, a system was created that was certified for explosion safety and 
allowed to counteract the development of a real large-scale industrial disaster. 

2. In 2016, a Strategy for countering the development of disasters was developed and defended. 

3. In 2017, on behalf of the President of the Russian Academy of Sciences, the strategy "Innovative technologies 
and means of protection against man-made accidents at industrial infrastructure facilities in Russia" was formed, 
scientifically and experimentally substantiated, and defended. 

4. In 2021, a Comprehensive Scientific and Technical Project (CSTP) of the full innovation cycle "Innovative 
software and hardware and technologies to ensure the observability, controllability, and safety of the NTO infrastructure 
of Russia" was created, scientifically and experimentally substantiated, and defended. 

We should emphasize that the formulation of the problem and the technologies focused on its solution were the 
result of work first on the Concept (on the instructions of the leadership of the All-Russian Research Institute for Civil 
Defense and Emergency Situations of the Ministry of Emergency Situations of Russia), and then on the Strategy of the 
Russian Federation to counter the development of Disasters (by the decision of the Presidium of the Russian Academy 
of Sciences). 

From the point of view of safety, one of the essential non-linearities of complex multicomponent infrastructure 
objects is a violation of the superposition principle. The fact is that the safety of the NTO is not determined by the state 
and functioning of its constituent elements! * > 4, 

Nevertheless, in the real conditions of NTO operation, the world practice remains, as it was 100 years ago, 
traditional, that is, locally oriented. It is based on the erroneous principle that the NTO is safe if all its elements are safe. 
This is due to the almost complete loss of control of man-made disasters, which on average are 4-5 orders of magnitude 
more costly in terms of consequences compared to local accidents in the NTO elements. Only in recent decades it has 
been possible to understand, scientifically and experimentally substantiate the physical mechanisms governing such 
incidents [1—4]. 

It should be noted that an application is ready for the development of a full innovation cycle CSTP "Creation of 
innovative software and hardware and technologies to ensure the observability, controllability and safety of natural and 
man-made infrastructure facilities in Russia". The project is focused on the creation of breakthrough domestic 
technologies to increase the competitiveness of the economy in compliance with the provisions of the basic documents 
of Russia's strategic development. The application has been approved for submission to the Council for Priority Areas 
of Scientific and Technological Development of the Russian Federation. As a result, within the framework of the all- 
Russian strategy, a unified system of natural and man-made security (USNMS) of the infrastructure of Russia will be 
created [1, 5, 6]. 

The aim of the work was to describe a new practice implemented in the conditions of a specific gas field and to 
justify the refusal to focus on solutions that take into account only the minimum practically acceptable risk, that is, built 
on the principle of ALARP (as low as reasonably practicable). Let us clarify that the promising, global goal of the 
authors! scientific and applied research, including those described in this article, was to create, within the framework of 
the Strategy of the Russian Federation, an object-oriented unified system of natural and man-made security (USNMS) 
of the infrastructure of Russia, an alternative output according to the ALARP ideology. 

According to Rostekhnadzor of the Russian Federation, during the transportation of liquid and gaseous 
hydrocarbons, cases of local accidents at regularly operated enterprises numbered in the hundreds and thousands cases. 
In particular, there were: 

— 545 cases of depressurization on the main pipelines during the last decade of the XX century; 

— 42 thousand cases of depressurization on the infield pipelines during 2001 alone. 


' Decree of the President of the Russian Federation of December 31, 2015 No. 683 "On the National Security Strategy of the Russian Federation". 
URL: https://www.consultant.ru/document/cons_doc LAW_191669/ (accessed: 02.11.2023). (In Russ.). 

? Decree of the President of the Russian Federation No. 642 of December 01, 2016 "On the Strategy of Scientific and Technological Development of 
the Russian Federation". URL: http://kremlin.ru/acts/bank/41449 (accessed: 02.11.2023). (In Russ.). 

3 Consolidated strategy for the development of the manufacturing industry of the Russian Federation until 2024 and for the period up to 2035. 
Approved by Decree of the Government of the Russian Federation No. 1512-r of June 6, 2020.URL: http://government.ru/docs/39844/ (accessed: 
02.11.2023). (In Russ.). 
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Obviously, only large-scale and costly organized counteraction could solve the problem. 

The world's first successful practice was implemented in Russia in the 50—60s of the XX century in the field of 
safety of heavy-duty liquid-propellant rocket engines for space purposes during development and routine fire tests [5]. It 
is known as the emergency protection system (EPS). 

In the 80s, a similar emergency shutdown system (ESS) was created in the West for general technical facilities. It 
was based on the ALARP principle [6-9], which has been repeatedly refined in Russia and its numerous Russian 
versions? [8-10]. Let us note that the term ALARP originated in the 70s in the field of British legislation on health and 
safety at work, that is, outside the systematic approach. As a result, it retained many characteristic features of that time, 
but exhausted them. 

At the same time, safety policy of oil and gas production and transportation according to the ALARP principle more 
often concerned the procedures for optimizing work processes. This practice was less often applied to the actual 
emergency protection due to the weaker scientific and experimental elaboration of issues related to the relevant 
processes. 

Materials and Methods. The research focused on the problem of creating an EPS production chain of oil and gas 
production and transportation based on the ALARP principle [11-13]. It accompanied the project of creating the 
USNMS NTO, therefore, a comparative analysis of both approaches was carried out in the work. 

As atule, safety problems were solved by the interaction of: 

— the customer (consumer of output products); 

— the contractor (ideologist, developer and manufacturer of output products); 

— the parties involved in the creation of NTO (design organizations and enterprises implementing projects). 

In general, the object of research was an open dissipative dynamic system that combined elements that were 
interdependent and interacted with each other and with the external environment. Two complementary information 
components were taken into account to ensure safety of such NTOs: 

— elements in the NTO (local accidents); 

— NTO as a whole (a complex of interrelated elements, local accidents and systemic disasters). 

A mandatory stage of such work was the coordination of the customer's request and the contractor's capabilities. 

Each component was a set of processes with its own energy and indication. 


Results. It should be emphasized that the study of the NTO elements in itself was not informative enough to 
understand its state as a whole [3-4]. The observability, controllability and safety of the NTO as a system were not 
determined by the characteristics of its constituent elements, even if all of them were taken into account. 

Thus, according to ALARP, the most common cause of accidents and technological disasters was the human factor. 
This does not correspond to the modern point of view [3]. Nevertheless, the ALARP principle has become even more 
widespread in Russia than in the UK. In particular, it was recommended by GOST for risk management®. 

The current situation does not negate doubts about the validity of ALARP. Below are its statements that have caused 
explicit or implicit limitations for qualitative research on the NTO safety. 

1. NTO elements do not interact with each other or their interaction can be neglected. This contradicts the real state 
of affairs. All NTO infrastructures, including oil and gas complexes, are multicomponent, complex dynamic systems. 
They are viable only with a controlled interaction of elements. That is, the fallacy of the statement is easily refuted by 
practice. Why is it not abandoned? The fact is that such an approach justifies simplifying the procedure for summing up 
the risks of the NTO elements in order to obtain an integral risk for the whole object. 

2. The only material carriers and sources of danger to the NTO infrastructure are the elements that form them. The 
statement is true, but only in relation to local type accidents. The rule does not work if we are talking about system 
accidents — catastrophes that are more expensive than the local ones by an average of 4-5 orders of magnitude. 
Catastrophes are multifactorial phenomena. These are the consequences of violations of the normal dynamic interaction 
of the NTO elements with each other, NTO with its own control system, NTO with adjacent equipment, NTO with the 
external environment, etc. 

3. The sources of danger in the NTO elements are statistically mutually independent. This assumption is wrong, first 
of all, in relation to the most severe system accidents — catastrophes that arise due to violations of the interaction of the 
NTO elements. 


> GOST RIEC 61511-3-2011. Functional safety. Safety instrumented systems for the process industry sector. Part 3. Guidelines for the 
determination of the required safety integrity levels. URL: https://docs.cntd.ru/document/1200094220 (accessed: 02.11.2023). (In Russ.). 

® GOST R 54505-2011. Functional safety. Risk management on railway transport. URL: https://docs.cntd.ru/document/1200094215 (accessed: 
02.11.2023). (In Russ.). 
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4. The risk associated with the element has been taken as a measure of the element's danger. Other, more significant 
risks caused by violations of the interaction of elements with each other and with the external environment of the NTO 
are not taken into account. The measure of the NTO danger as a functional unit is determined by the sum of risks of its 
elements [6—11], [14]. It is unacceptable to summarize the risks associated with the NTO elements. And the point is not 
that they usually have different dimensions (with the help of the matrix apparatus of risks, the dimension can be 
excluded [14]), but in the statistical interdependence of the sources of the danger of NTO. According to the ALARP 
scenario, there is no way out of this situation. 

As a result, it is necessary to operate with understated risk indicators compared to their actual values, which means 
underestimating the real dangers for NTO. 

The above allows us to make a number of statements. 

— ALARP suggests following an outdated local approach to solving safety problems of the NTO infrastructure, 
which limits the scope of its application. The situation is aggravated by the failure to mention the unsuitability of 
ALARP for solving problems of system analysis of the state and behavior of the NTO infrastructure. 

— Specialists focused on working on ALARP do not have special tools for the study of the NTO infrastructure itself, 
the development of elements and in general EPS, as well as for the maintenance of the output result of ALARP, etc. Let 
us note that such tools are planned to be developed within the framework of the previously mentioned CSTP. 

— ALARP specialists do not have a technology that can adequately provide the required informativeness, 
manageability and safety of the NTO. 

— Equipping the NTO infrastructure with emergency protection systems based on ALARP does not meet the modern 
vision on the problem of ensuring the safety of NTO. 

Thus, the main weakness of ALARP is the refusal to take into account the dynamic interaction of elements as part of 
the NTO infrastructure. 

Experimental confirmations of the extreme importance of the dynamic interaction of the NTO elements of oil 
and gas fields. The authors of the presented article take the opposite position and have repeatedly received 
confirmation of its validity when conducting research and development work, including conversion, designed to ensure 
man-made safety of civilian facilities, taking into account the experience of space engine building. One of these civilian 
areas has become the extraction and transportation of oil and gas. It is important to note that the authors had unique 
specialized hardware and software resources and technologies (including of their own development). 

Some results of full-scale tests of different standard sizes of NTO were obtained for the first time. To convey these 
results and the accumulated experience, the evidence-based data on the decisive role of the processes of interaction of 
the NTO elements are presented below. They are necessary for the formation of informative components of the NTO 
work processes, and can also be harbingers of large-scale, often spontaneously developing anomalies such as man-made 
disasters [1, 3]. In the real conditions of geographically distributed oil and gas fields, the interactions of elements were 
traced over distances: 

— about 10 m at the facility safety levels; 

—up to 100 m at the workshop levels; 

—up to 10 km at the field level. 

The authors did not conduct research at larger distances between the elements. 

Let us list the constructs of the production links of oil and gas production and transportation, which form the 
dynamic interactions of the elements of the technical control system: 

— energy producing units (combustion chambers, gas generators, cylinders of internal combustion engines, etc.); 

— energy converters (pumps, compressors, turbine units); 

— external and internal bindings of workshops interacting with other links, by-passes, input and output manifolds; 

— energy storage links; 

— wellheads. 

Figures 3—7 in the article are the results of the analysis of the measured parameters of various NTOs infrastructure, 
which were investigated by the Interdepartmental Working Group of the Russian Academy of Sciences represented by 
the authors during field tests. 

Let us start with the most common regular systemic phenomena in the oil and gas industry — self-oscillations 
caused by self-sustaining nonlinear mechanisms of the interaction of the NTO elements with constant (non-oscillatory) 
sources of energy replenishment. In the cases described below, the results from the authors' own experience of 
conducting field tests of oil and gas facilities were used, although the coverage was significantly wider and included 
thermal power plants, hydroelectric power stations, nuclear power plants, production and operation of heavy-duty diesel 
generators, turbo-expanding assemblies (TEA), etc. 
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The main attention was paid to the timely detected incidents, which, thanks to the use of technical means, did not 
develop into accidents and catastrophes. Thus, at the Yuzhno-Russian field of OJSC Severneftegazprom, when fixing a 
powerful self-oscillating process of the dynamic interaction of the pair "ground structure of the well cluster — adjacent 
subsurface", an emergency shutdown of the existing well cluster was triggered (Fig. 1). 


0 20 40 60 80 100 120 140 160 
b) 
Fig. 1. Self-oscillating process of the dynamic interaction of the pair "ground structure of the well cluster — adjacent subsurface ", 
recorded at the Yuzhno-Russian field of OJSC Severneftegazprom: a — wellhead; b — fragment of the vibration parameter of the 


pipe head of the wellhead at the initial moment of self-excitation of powerful natural and man-made self-oscillations with a 
frequency of ~ 200 Hz 


Let us explain that part a) presents the design of the wellhead with a 34-channel system for measuring and recording 
vibration parameters of the 2nd string of the 9th well cluster. The black arrows show the locations of the sensors and the 
measurement directions of the vibration parameters of the structure of the 2nd string of the 9th well cluster, the red 
arrows show the direction of movement of the gas flow. Here, YO is a shut-off device, UB is a measuring unit, BPM is a 
methanol control unit, and YP is a regulating device. 
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The authors of the article had to urgently distract themselves from their main work and take part in clarifying the 
nature of the dangerous phenomenon. As the subsequent calculation and analysis of metal from critical sections 
showed, the fatigue strength of the metal structure was exhausted in the next 2—2.5 hours. 

Additional processing of the measurement results made it possible to establish dislocations of: 

—a constant source of energy replenishment (adjacent bowels of the cluster of wells); 

—a nonlinear oscillatory circuit (cluster of wells). 

The authors have worked out the appropriate methodology, software and hardware in relation to space propulsion. 
At the frequency of excitation of self-oscillations of all pairs of measured vibration parameters of the wellhead, 
coherence almost coincided with unity. 

Figures 2 and 3 present the location and characteristics of the case of self-excitation of self-oscillations. The authors 
recorded it when they conducted full-scale tests of the integrated gas treatment plant (IGTP) at Gazprom Dobycha 
Yamburg LLC (GDYA) in the frequency range of 36-56 Hz (depended on the operating mode). 

The physical mechanism was identified as self-oscillation — a strong dynamic interaction of the gas drying housing 
equipment and its external strapping. The most informative tests turned out to be on transient modes of operation of the 
equipment: 

— slow throttling from 100% of the mode to 65% (in time from 550 seconds to 750 seconds); 

— slow subsequent forcing from 65% of the mode to 85% (in time from 1200 seconds to 1300 seconds). 


Fig. 2. At the integrated gas treatment plant (IGTP-2), a strong nonlinear interaction of dynamic links occurred "gas drying body 
(on the right, in the background) — external binding" 


0 500 1000 1500 
Fig. 3. IGTP-2. Time dependence of the frequency of self-oscillatory interaction of dynamic links "gas drying body — its external 
binding": 1 — according to the processing of the results of field tests; 2 — according to the accompanying theoretical calculation 
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The acceptance tests of the explosion-proof prototype of the disaster response system (DRS) at the GDYA IGTP-2 
in 2006 turned out to be unique in terms of information content and practical physical interpretation of the discovered 
phenomenon. To confirm the experimental reproducibility of the results, 10 similar full-scale tests of IGTP were 
planned in the modes of regular forcing and throttling. The only non-rigid exception, as expected, was the 8th test. Let 
us note that complex systems had different time scales. In the 8th case, in order to obtain a higher time resolution than 
in the previous seven tests, the process gradient was reduced by more than half. 

Due to the exceptional importance of the test results, in addition to regular measurements, the program regulated the 
deployment of a 96-channel geographically distributed system for measuring various parameters of the facility. At the 
automated workplace of the DRS operator in the gas drying building, the parameters were presented after group 
synchronization and centralization (GPS satellite system was used). 

Pronounced bifurcation points in the working processes of the production field (at ~ 18% of the nominal value) 
attracted the attention of the authors long before the acceptance tests. However, this phenomenon had not previously 
caused incidents, so the tests were not canceled. Figure 4 shows the result of graphs overlay of eight of the planned ten 


DRS tests. 
HH 


Bifurcation point 


0 3.6 7.2 10.8 14.4 18.0 21.6 25.2 28.8 


Fig. 4. IGTP-2. The result of eight full-scale tests overlay— graphs of dimensionless amplitude-frequency characteristics and 
relationships of the dynamic system: "inlet — gas cooling housing" — "outlet — pipe casing" at the frequency of self-oscillations 


Here, in the forcing sections, after passing the bifurcation points, the lower branch of the curve was used in tests 1, 
3, 4, 6, and the upper branch was used in tests 2, 5, 7, 8. 

It is clear that the blurriness of the graph in Figure 4 (as well as the graphs in Figures 6, 7 and 8 for other objects) is 
explained not by errors in measuring the NTO parameters, but by overlays of the results of processing data from field 
tests conducted at the same values of the operating parameters of each object. At the same time, the blurriness of the 
graphs is important from the point of view of informativeness. It makes it possible to: 

— clearly present the degree of reproducibility of test results (or other parameters, depending on the formulation of 
the problem), that is, to draw conclusions about the correctness or incorrectness of the problem being solved; 

— take reasonable tolerances for the tasks of making decisions about technical and (or) functional state of the NTO in 
the forms of dependence on the operating parameters of the NTO in the entire range or sub-ranges of values. 

Figure 5 shows a fragment of the processing of the results of the eighth test in the vicinity of the critical point (18% 
of the nominal value) at the throttling site with the spontaneous development of a systemic technogenic accident. At that 
time, there was no gas automation in the cooling and drying housing, so the situation was adjusted manually using a 
bypass. They did not use a conventional emergency stop, but reverse forcing. 
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Fig. 5. IGTP-2. The initial stage of spontaneous development of a systemic disaster 


Experimentally determined post factum, the horizon of the disaster forecast turned out to be unprecedentedly 
large — t*=90 sec at the values of Lyapunov exponents in the areas of excitation and damping of oscillations, 
respectively: A; = + 0.14 Hz and A2 =—0.38 Hz. We have established the reason for such a rare phenomenon in the NTO 
operation. It is due to the discovered (apparently for the first time in world practice) mechanism of a two-stage scenario 
of excitation and development of a catastrophe. At the first step of the previously established critical mode with the 
bifurcation point shown in Figure 4, there was a shop system excitation of a group of production field elements — turbo 
expander units in interaction with an external pipe binding. It also played the role of a trigger mechanism in the second 
step, which was characterized by a strong interaction of the wellheads with the subsurface. 

Subsequently, the development of this general industrial disaster was qualified as the first in the world practice to 
detect in time (which made it possible to take countermeasures) an extremely dangerous regional man-made natural 
earthquake with a magnitude of 6 to 7 points on the Richter scale. The energy source was the subsoil, the constructs of 
the clusters of wells worked as a trigger mechanism. A decisive role was played by manually lowering the throttling 
gradient at the eighth acceptance test and, accordingly, increasing the production field time in the danger zone — in the 
vicinity of the critical bifurcation point at ~ 18% of the nominal value. 

Now it has become a universal practice to detach resonant frequencies from dislocation zones or to accelerate their 
overcoming in transient modes. Examples include space rocket engines, nuclear power plants, hydroelectric power 
plants, aviation equipment, etc. 

Two factors realized during the acceptance tests are of exceptional importance. 

1. A systematic approach to the organization and conduct of DRS tests. Formation of a package of initial 
experimental data to understand the essence of the mechanism and counteract the development of an extremely 
dangerous phenomenon — a general industrial disaster, which geographically and in time coincided with a man-made 
natural earthquake. The local approach peculiar to ALARP and its output products was not in demand in this case. 

2. High information content. The standard system for measuring production field parameters has been 
supplemented. A geographically distributed parameter measurement system with group synchronization and 
centralization of parameters was used. The regularly measured production field parameters indicated the development 
of an emergency: 

—a fraction of a second before its completion, when emergency protection was impossible; 

— only by secondary signs in the high-frequency range (the main events were recorded at low frequencies). 

Figure 6 shows overlays of the results of processing of twelve full-scale tests of turbo-expanding units in the gas 
drying housing of IGTP-2 LLC GDYA during one and a half months of repair. 


Deduchenko FM, et al. Ensuring Safety of Gas Field Infrastructure Using ALARP and a Systematic Approach 


F, Hz 


eS 


Fig. 6. Experimentally reproducible amplitude-frequency characteristics of the dynamic system "TEA-2 — TEA-7" 


In this case, the authors used a two-channel modular unit for high-precision synchronous isolation of frequency 
components 53F, (53 — the number of turbine blades of the studied standard size of turbo-expanding assemblies) in the 
axial vibration parameters of TEA-2 and TEA-7 turbines. The modes of slow forcing (red curves) and throttling (blue 
curves) of TEA-2 operated. The work was carried out in the nominal normal mode of TEA-7. 

Thus, the amplitude-frequency characteristics of the resonant type (F’pe3 = 3009 Hz) of the potentially dangerous 
high-quality (QO ~ 76.5) dynamic interaction of TEA-2 and TEA-7, reproduced in a wide frequency range up to 
5300 Hz, were evident. It was necessary to develop and implement serious counteraction measures. In addition, 
additional field tests were conducted to confirm their effectiveness. This was a unique case of experimentally 
reproducible system testing of TEA-2 in the modes of starts and stops of its dynamic interaction with an adjacent, 
operating at the nominal mode TEA-7 in a wide frequency range. This experimentally proven approach and the 
technology adequate to it can be used in the operation of any rotary and (or) piston type equipment. It is important to 
keep in mind that formed according to similar characteristics (see Fig. 6) harbingers of development of emergency 
situations at NTOs are systemic. They are suitable for solving problems of identifying the type of developing 
accident — local and systemic (disaster). 

Figures 7 and 8 present experimentally reproducible systemic patterns of interaction between gas pumping units 
(GPU). They were worked out at the Orlovka-2 gas pumping station (Ukraine) and are not fundamentally monitored by 
ALARP-based systems. The total number of field tests according to Fig. 7 (GPU-1 — GPU-2) is 14, according to Fig. 8 
("GPU—4 — GPU-5") is 18. 
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Fig. 7. GPS "Orlovka-2" (Ukraine). Reproducible patterns of interaction "GPU-1 — GPU-2" 
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Fig. 8. GPS "Orlovka-2" (Ukraine). Reproducible patterns of system interaction "GPU-4 — GPU-7" 


In the figures, the patterns are shown in the form of hodographs in the form of dependencies, measured in the 
horizontal and vertical directions of the mean square root values of the vibration velocities of the GPU on the total gas 
flow through the GPS — g. For certainty, the frequency range of measurements of mean square root values of 0.1—5 Hz 
was chosen. According to statistics, it is in this range that processes with a large self-organized concentration of energy 
often occur in NTO structures, which provoke the development of emergency outcomes — both local and more costly 
systemic ones. Despite the significant differences in the physical mechanisms, in this case, the results obtained can be 
used in the operation of rotary-type equipment, and with appropriate adaptation in the operation of non-rotary 
equipment. 

For the development of the above-mentioned prototype of the DRS and the Strategy of the Russian Federation for 
countering the development of systemic accidents [1, 3], are essential: 

— reproducibility of the results of field tests; 

— experimental validity of statistically correct applied results. 

Let us also note the importance of the typical scenario expected by specialists for the development of systemic 
accidents of different physical nature. It took at least ten years of targeted scientific and experimental work to confirm 
the reproducibility of the results. This made it possible to implement in the DRS and then reflect in the Strategy of the 
Russian Federation a set of unified algorithms and technical means for early detection, monitoring and protection 
against all types of man-made accidents. 

An extremely important quality of this complex has been worked out — object orientability (the possibility of deep 
adaptation to almost any standard sizes of the NTO infrastructure). 

We also note a characteristic feature of the system approach, which allows us to draw the right conclusions even if 
the experimental reproducibility of the results of the NTO full-scale tests is weak or not detected at all. It should be 
borne in mind that the same element of a complex system (for example, a compressor) demonstrates different properties 
and behavior, even if it functions as part of a single NTO. It depends on whether the situation is considered before or 
after the repair. This effect is easily confused with poor reproducibility of compressor test results. 

Comparative analysis results of emergency protection systems adequate to the ALARP principle and the 
CSTP system approach. In almost all publications related to the ALARP principle, there are conditions from which 
ALARP proceeds. For some reason, they have to be executed by themselves, and this is a reason for criticism. The 
ALARP principle can be unconditionally used for a class of objects that are collections of such objects that are not 
related to each other, do not interact and are statistically independent. Thus, the usefulness of ALARP is limited to 
individual studies outside the system of each element of the NTO. Also, outside the system, the class of local accidents 
inherent in the elements is considered. The ALARP principle is not suitable for an adequate study of NTO as a whole 
structure, the formation of adequate symptoms, decision-making algorithms, etc. Using any tools based on the ALARP 
ideology (and EPS as well), we must understand that we are going to a conscious restriction. 
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The only way out seems to be the rapid creation of safety systems that are alternative to those that focus on ALARP. 
The foundation for new solutions should be the foundation formed for the implementation of a comprehensive scientific 
and technical program "Creation of innovative software and hardware and technologies to ensure the observability, 
manageability and safety of natural and man-made infrastructure facilities in Russia". 

Here are the main arguments for the readiness to create safety and emergency protection systems within the 
framework of the CSTP as an alternative to the EPS according to the ideology of ALARP. 

— Certified prototypes of professional tools have been created, including in explosion-proof design, for experimental 
testing of components of the system for countering the development of accidents and catastrophes. 

— Emergency protection systems according to the CSTP are based on combined local and systemic approaches to the 
study of the NTO infrastructure within the framework of the theory of self-organized criticality [3]. 

— The emergency protection systems according to the CSTP take into account the discovery of the 50—60s of the 
Russian space engine industry [6]. We are talking about two types of the physical nature of accidents. In modern 
terminology, they are called local (in the NTO elements) and large-scale, systemic (in NTO as an integral functional 
unit). According to the ALARP scheme, the EPS reacts to the development of only low-cost local accidents. 

— Emergency protection systems according to the CSTP are ready to make motivated decisions about the beginning 
of the development of all types of local accidents and systemic accidents in the NTO. This distinguishes them from EPS 
according to the ALARP scheme, which reacts only to local accidents. 

— In the emergency protection systems according to the CSTP, the readiness to transfer the NTO to a safe state has 
been achieved in two scenarios. The first one is the transfer of the NTO to gentle modes of operation. Second: 
emergency shutdown in response to motivated decisions about the development of emergency critical situations. 

— Restrictions on the scope of application of emergency protection systems according to the CSTP according to the 
type of a priori conditions for EPS according to the ALARP scheme have been lifted. 

— In emergency protection systems according to the CSTP, the symptoms of the development of local, systemic 
critical conditions of NTO and the rules for making decisions on the transfer of NTO to a safe state have been 
scientifically and experimentally worked out. 

— Readiness has been achieved (when making an appropriate decision) to work out a high-speed mechanism for 
transferring the NTO to a safe state for the most dangerous explosive-type accidents with a characteristic development 
time At ~ 30-70 ms. 

Discussion and Conclusion. The emergency protection systems developed according to the CSTP "Observability, 
manageability, safety of the NTO infrastructure of Russia" are considered. Their capabilities are evaluated in the 
conditions of the Northwestern region of the Russian Federation [1]. The new approach is compared with the ALARP 
principle, which is widespread in the West and in Russia. 

It is shown that ALARP has outlived its usefulness, since its local orientation does not meet the tasks of system 
monitoring of the IT infrastructure [8—14]. The ALARP approach remained at the level adopted at least 100 years ago, 
in the first half of the twentieth century. This is how it is necessary to evaluate developments implemented under the 
ALARP scheme and their output products, including emergency protection systems [8-14]. 

Research and practice indicate that the ALARP methodology does not provide comprehensive observability, 
manageability, and safety of natural and man-made infrastructure facilities. For this reason, the ALARP-based approach 
does not provide timely, high-quality indication of the development of devastating system crashes — catastrophes. 

Emergency protection systems created according to the proposed CSTP project integrate local and integrated 
approaches to infrastructure monitoring within the framework of the theory of self-organized criticality [3]. 

The prospects of replacing ALARP-based approaches with solutions corresponding to the CSTP are shown. 
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Abstract 

Introduction. Ensuring industrial safety (IS) is one of the priority goals of any company. It is obvious that achieving its 
high level is impossible without the formation of a safety culture among employees, since their wrong actions can lead 
to emergencies and death of people at hazardous production facilities. The concept of industrial safety culture (ISC) is 
interpreted in different ways, but all definitions are united by the need for employees to realize that industrial safety 
should become their main goal and internal need. To date, there are many methods for determining the degree of ISC 
development. They are actively and successfully used at many enterprises. At the same time, it should be noted that the 
Russian legislation lacks, in particular, a methodology for quantifying the industrial safety culture specifically at the 
enterprises of the oil and gas complex, which have their own characteristics and specifics. Therefore, the introduction of 
a new quantitative approach to assessing the effectiveness of management of industrial safety culture has important 
scientific and practical significance on the industry agenda. The aim of this work in this regard was to develop 
mechanisms to increase the ISC level at one of the gas transportation enterprises of the country based on the results of 
the survey of its employees. 

Materials and Methods. For the analysis, the results of a three-level questionnaire conducted in 2021 and 2022 were 
used, which included socio-biographical characteristics of employees, their assessments on specially developed 
16 components of industrial safety, as well as the interview of focus groups on six selected IS components. 

Results. During the analysis of the questionnaires, an increase in the level of industrial safety culture was established 
from the predicted (third level) to the proactive (fourth level) according to the five-level classification of the 
International Association of Oil and Gas Producers (IOGP). 

Discussion and Conclusions. The comparative analysis demonstrated positive dynamics of the results of the ISC level 
assessment by the employees of the gas transport enterprise. Its increase at this enterprise was achieved through the 
introduction and implementation of proactive measures, such as the development of personal obligations of employees 
in the field of safety, their maximum involvement in the development of competencies in the field of industrial safety, 
ensuring openness/transparency of communications on safety issues, and the formation of a positive attitude of 
employees to changes in this area. 


Keywords: industrial safety culture, maturation level, focus groups, survey 
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AHHOTauHA 

Beedenue. Odecrieyenue Npou3sB0AcTBeHHON Oe3zonacHocTnH (IIb) aBisetTca OHO U3 MPHOPHTeTHBIX Wesel 000K 
KOMHaHHu. OueBHyHO, 4TO OCTHKeHHe ee BbICOKOTO YPOBHA HEBO3MOX%KHO O6e3 (opMupoBaHHA KYJIbTypbI 
Oes0racHocTH y paOOTHHKOB, TaK KaK MX HeMpaBHJIbHble JeHCTBUA MOTYT MOBJeUb CO3AaHHe aBapHiHbIX CUTyalui U 
rHOeb Oye Ha OMacHbIX MpOH3BOACTBCHHBIX oOObeKTaX. I[loHATMe KYJIBTYpbI Mpou3BOACTBeHHOH 
6esonacHocTH (KIIb) Tpaktyetca m0-pa3HOMy, OJHaKO BCe oMpeyeeHHuAt OOBeAMHACT HEOOXOAMMOCTL OCO3HaHHA 
paOoTHHKaMM Toro (pakTa, 4TO NPOM3BOCTBeHHad Oe3s0MacHOCTh WOJMKHa CTaTb MX TaBHO WesIbIO HM BHYTpeHHel 
nloTpeOuoctp10. Ha ceroqHAWIHHM WeHb CyWeCTByeT HEMaJIO MCTOZUK Id Ollpesemenua cTerenu pasBuTua KIIb. Onn 
AaKTHBHO HM YCHeWIHO MpHMeHAIOTCA Ha MHOrHX peslpuaTuax. BMecte c Tem cyleqyeT OTMeTHTb, YTO B POCCHHCKOM 
3aKOHOATeIbCTBE OTCYTCTBYeT, B YaCTHOCTH, MeTOAMKa KOJIMYECTBEHHOM OWeCHKH KYJIbTypbI NPOv3BOACTBeHHOM 
Oe30MacHOCTH KOHKpeTHO Ha lipesNpHATHAX He*Tera30BOro KOMIIIeKca, HMEIOWIMX CBO OCOOeHHOCTH UM CHeLHMpUKy. 
Ilostomy BHeypeHve HOBOrO KOMYeCTBeHHOrTO HoOAXoWa K OeHKe 93PpdeKTHBHOCTH yipaBIeHHA KyJIbTypol 
TIpOH3BOACTBEHHOM Oe30NaCHOCTH MMeeT BaxKHOe Hay4Hoe UM MpakTHyecKOe 3HAYeHHE B OTPACeEBOM MOBeCTKe THA. 
Llembro JaHHO paooTs! B CBA3H C 9THM ABIIACTCA paspaOOTKa MCXaHH3MOB JIA WOBbIMIeHHA ypoBHa KIIb Ha ofHOM u3 
ra30TpaHCHOpTHBIX MIpeAMpHATHM CTpaHbl, IpeAMpHHATAA 0 pe3yIbTaTaM aHaJIH3a AHKCTHPOBaHHA CTO paOOTHHKOB. 
Mamepuanoi u memooot. J\na ananv3a UCHONb30BaIMCb Pe3yJIbTATbI TPeXYPOBHEBOTO AHKeETHPOBAHHA, MpOBeyeHHOTO 
B 2021 u B 2022 romax, KoTOpoe BKIOUaIO B CeO COlMaIbHO-OnorpadPuyeckHe XapaKTepHCTHKH PpaOOTHHKOB, HX 
OWeHKH TO cilelwalibHo pa3padoTaHHbIM 16 KOMMOHeEHTaM MpOH3BOACTBCHHOM Oe30lMacHOCTH, a TakwKe 
MHTepBbIOMpoBaHHe (OKyc-rpyiill Ha IpeAMeT WeCTH BbIJeeHHBIX KOMMOHEeHTOB IIB. 

Pe3yibmamoi uccredoeanua. B xoye MpoBeeHHOrO aHasIH3a aHKeT OBLIO YCTAaHOBJICHO MOBBIILMeHHe YPOBHA KYJIBTYPbI 
IIpOH3BOACTBeHHOM OesolacHocTH c MporHosupyemoro (TpeTbero ypoBHA) ZO MpoakTHBHOrO (YeTBepTOrO ypoBHA) 
CorlacHo IATHypoBHeBol Kaccupukanun MexrzyHapoqHon accolMmalluu Mpou3sBoquTeNeh He@tTu u ra3a (IOGP). 
Oécystcoenue U 3akO“UenUe. CpaBHUTeIbHbI AHAIM3 TpOACMOHCTPHPOBAasI NOMOXKUTCIbHY!O JMHAMHKYy pe3yJIbTAaTOB 
oueHKu ypoBHa KIIb paOoTHukamu ra30TpaHcnopTHoro mpeszmpuaTua. Iloppmuenue ero Ha aHHOM IpesmpHaTHu 
JOCTHTHYTO Osarofapa BHeApeHuIO M peaM3all[MH MpOaKTHBHbIX MePpOrpHATHH, TaKHX Kak pa3paOoTKa JIMYHBIX 
oOs3aTeIbCTB paOOTHHKOB B OOsacTH Oe30MacHOCTH, HX MaKCHMaJIbHad BOBJICUCHHOCTh B IIpOlecc pa3BHTHA 
KOMII€TeHIHM B OOAaCTH NpOH3BOACTBEHHOM Oe30racHocTH, OOecle4yeHHe OTKPbITOCTH/Mpo3pa4yHOCTH KOMMYHUKalHit 


10 BOHpocaM Oe30acHocTH, cbopMupoBaHue TlOSHTHBHOYO OTHOIMCHHA paOoTHHKoB K H3MCHeHHAM B 3TOK cdepe. 
KoroueBble cJ10Ba: KyJIbTypa IIpOu3BOACTBeHHOL Oe30lacHOcTH, YPOBCHb 3peJIOCcTH, dokyc-rpynust, aHKeTHpoBaHie 


BaarogapHoctw. ABTopbl BbIpPaxKalOT MPH3HATeJIbHOCTb COTpyJHHKaM fra30TpaHCHOpTHOro mpesnpuaTua 
3a IIPOABJICHHBI ~=MHTepec K oOcyxyaemMol Teme 4 oOpocoBecTHoe UpoxoxKyeHwe aHKeTHpOBaHHa 
WM MHTepBbIOMpoBaHHA, OaroqapAT peaKUMOHHY!O KOJWIerHIo KYpHasa HU PelleH3eHTa 3a NpoOPeccHOHaIbHbIM aHasH3 Vl 


pekKOMeH ann DJIA KOPpeCKTHPOBKH CTaTbH. 


Aisa uHTHpoBaHua. Cypuanosa M.A., Bonoxuna A.T., [meOosa E.B. PaspadOoTka MexaHu3MOB HOBbIMICHHA KYJIbTypbI 


IIpOH3BOACTBEHHOHM Oe30nacHOCTH HO pe3yIbTaTaM aHasIM3a AHKeTHPOBaHHA paoboTHUKoB. bezonacnocmb mexHozeHHbix 
u npupooHuoix cucmem. 2023;7(4):70—79. https://doi.org/10.23947/2541-9129-2023-7-4-70-79 


Introduction. Currently, the development of industrial safety at oil and gas complex enterprises is based on a risk- 
oriented approach, which means the integration of risk analysis and management methodology with the existing 
management systems. As practice shows, the implementation of this approach leads to the formation of a high industrial 
safety culture in companies. 
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Within the framework of new standard GOST R ISO 45001-2020 "Occupational health and safety management 
systems. Requirements with guidance for use"! the efficiency evaluation of the company's economic activity is 
inextricably linked with the evaluation of its achievements in the field of industrial safety. 

The requirements for leadership and commitment of top management to achieve the goals set, as well as the 
involvement of employees in the identification of hazards and risks, the development and management of a 
management system are among the significant innovations of this standard. Indeed, competent formation and 
implementation of leadership in production is an extremely difficult task for the vast majority of companies. Only a few 
enterprises manage to form a high industrial safety culture through the introduction of leadership practices. 

The industrial safety culture today is one of the most important elements of the occupational safety management 
system in all companies [1—3]. There are a sufficient number of methodological approaches to determining the degree 
of development of the ISC [4, 5]. Well-known models that are often found in the practice of international companies are 
the Bradley curve, the M. Fleming model and the P. Hudson model [6, 7]. These models were developed based on the 
experience of the world's leading companies and represent the stages of development of the occupational safety 
management system, which allows you, after conducting a specific analysis, to identify areas of safety culture that need 
to be improved [8-10]. For example, DuPont has more than two million questionnaires in its database covering a wide 
range of industries in 45 countries and more than 10,000 objects that can be visualized and compared with other 
industry companies to evaluate key indicators of their safety culture [11-13]. 

Materials and Methods. Based on the analysis of these international practices, an original methodology for 
assessing the industrial safety culture was developed using a three-stage questionnaire (three questionnaires) with 
subsequent processing of the results according to the specified criteria. 

Questionnaire No. 1 contained 10 questions, including an assessment of socio-biographical characteristics of 
employees. It was assumed that they had a certain effect on the awareness of the importance of ensuring safety, on 
understanding and fulfilling the requirements of production instructions. Another part of the questions was aimed at 
determining the attitude of employees to the idea of zero injuries, readiness to take responsibility for their actions in 
relation to safety at work. 

Questionnaire No. 2 offered questions for evaluating 16 individual components of ISC presented in Figure 1. 


1. Motivation 9. Evaluation of the safety management work 


2. Risk management 
10. Assessment of safety resources 


3. Evaluation of effectiveness of IS service 
11. Learning from past mistakes 


4. Transparency, information trainin, 
‘ 2 e 12. Personal responsibility for safety 


5. Competence and training of employees in the 13. Personal discipline and commitment 
field of IS 


14. Assessment of communication in the organization 
6. Trust regarding safety issues 


15. Involvement of employees in ensuring safety 


7. Informing about violations 


8. Assistance from other employees 16. Personal interest of employees in safety issues 


Fig. 1. ISC components 


'GOST R ISO 45001-2020. Occupational health and safety management systems. Requirements with guidance for use. Electronic fund of legal and 
regulatory documents. URL: https://docs.cntd.ru/document/1200175068 (accessed 30.08.2023). (In Russ.). 
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Four statements were made for each of the components, two of which were positive and two were negative. The 
employees had to choose the degree of agreement or disagreement with the proposed statements. For further data 
processing, all answers were transferred to a 5-point scale. 

For the interviewing stage of the focus group, an original authors' questionnaire No. 3 was developed, which made it 
possible to assess such ISC components as motivation, competence and training of employees in the field of 
occupational safety and health, assessment of communications in security issues, policy and shared values, assessment 
of resources for security, and learning from past mistakes. 

Interviewing about the state and level of ISC development was with the employees of seven professional categories: 
managers (administration), specialists (administration), line managers (production units of the main activity), line 
managers (production units of secondary activity), specialists (production units of the main activity), specialists 
(production units of secondary activity), and workers. The interviewing format was face-to-face (directly by an on-site 
auditor) and online (by filling out by employees a specially designed electronic Yandex.Form). All the answers received 
as a result of face-to-face interviewing were later entered into Yandex.Forms. The estimated time to complete the 
interview/questionnaire was 30 minutes. 

As a result of filling out the Yandex.Form, all the answers were converted into points with the subsequent finding of 
an assessment by employees of both a separate ISC component (the average score for four statements for this 
component), and in general all 16 components (the average score for 16 components found) on a scale from | to 5. 

The conversion of the average ISC assessment values by the employees to the five-level classification of the 
International Association of Oil and Gas Producers (IOGP) was carried out according to the scale shown in Figure 2, 
where: 

— Level 1 — initial. The ISC concept was virtually absent, all safety measures were random, the requirements were 
not met; 

— Level 2 — reactive. The ISC level was not developed, but certain safety measures were taken every time after the 
realization of an adverse event; 

— Level 3 — predictable. The ISC level began to rise and gradually tended upward due to the creation and 
implementation of formalized approaches to industrial safety management; 

— Level 4 — proactive. The ISC level was quite high, the values and leadership confirmed by the results ensured 
continuous improvement of industrial safety; 

— Level 5 — creative. The industrial safety system was a way of doing business’. 

Results. Figure 3 provides the results of the survey of employees conducted in 2021 and in 2022 in the form of a 
comparative histogram. These histograms demonstrate the positive dynamics of the ISC assessment results by the 
employees of the enterprise. 

The ISC components that received the highest ratings in both 2021 and 2022 were "Assessment of the effectiveness 
of IS service" (2021 — 3.86, 2022 — 4.33), "Personal responsibility for safety" (2021 — 3.86, 2022 — 4.31), 
"Assessment of the work of management to ensure safety" (2021 — 3.79, 2022 — 4.26). These assessments related to 
the proactive level of ISC and meant that there were no cases of concealment of incidents at the enterprise, employees 
had the opportunity to contact the management with questions about safety, they were aware of their personal 
responsibility for it and highly appreciated the work of the IS service. At the same time, it was worth paying attention to 
the minimum estimates: "Motivation" (2021 — 3.41, 2022 — 4.15), "Assessment of resources for safety" (2021 — 
3.43, 2022 — 4.18). The minimum estimates of 2021 referred to the projected ISC level, while the minimum estimates 
of 2022 referred to the proactive one, and this was despite the fact that the components showed the lowest number of 
points in 2022. These data indicated a lot of work done with an emphasis on these components. 


*IOGP. Report 453 — Safety Leadership in Practice: A Guide for Managers International Association of Oil & Gas Producers Bookstore (IOGP). 
URL: https://www.hpog.org/resource-centre/iogp-papers/new-download/ (accessed 30.08.2023) 
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of doing business. 
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Ensuring safety is 
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Fig. 2. Results of the survey on the international five-level classification of oil and gas producers (IOGP) [13] 
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Fig. 3. ISC level assessment by gas transportation company employees in 2021 and 2022 
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The average ratings of all components of the industrial safety culture for each professional category and the average 
ISC value for the enterprise as a whole were also calculated. Figure 4 provides the comparative histogram. 
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Fig. 4. Comparison of the results of average ISC ratings depending on the professional category of employees of the gas 
transportation enterprise for 2021 and 2022 


It can be seen that in both 2021 and 2022, the professional category of employees did not significantly affect the 
assessment results, but at the same time, an increase in the ISC level to proactive in each of the professional categories 
was established. This was due to the implementation of such proactive measures at this enterprise as holding a review- 
competition of the state of industrial safety and the development of a safety culture with subsequent encouragement of 
winners and payment of monetary remuneration to employees, installation of video monitors on which videos of 
violations and injury cases were broadcast, as well as positive and significant events related to IS issues. 

According to the algorithm for assessing the ISC level and the results of the survey, histograms of average ratings of 
all employees for each component of the occupational safety culture were constructed for three age categories: up to 35 
years, from 36 to 49 years, from 50 years (Fig. 5). 
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Fig. 5. Comparison of average ratings of the ISC level depending on the age category of employees for 2021 and 2022 
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As it can be seen in the figure, the employees of all age categories attributed the ISC level in 2022 to proactive, 
while in 2021 it was predicted. However, the presented data show that there was no dependence of the assessment of the 


ISC level on the age of employees. 
Based on the results of the questionnaire, two pie charts of the distribution of all respondents by the ISC level were 


formed for comparative analysis (Fig. 6). 
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Fig. 6. Comparison of the number of employees of a gas transportation enterprise by the levels of ISC development: 
a — for 2021; b — for 2022 


Thus, it can be noted that the reactive level disappeared (the average value lied in the range from 1.26 to 2.50). 
It is important to emphasize that in 2021, 58% of employees estimated the level of industrial safety culture at the 
predicted level (the average value lied in the range from 2.51 to 3.75), while in 2022 it was only 8%. The share of 
employees who assessed the ISC level as proactive increased — from 37% to 79% (the average value was in the 
range from 3.76 to 4.50). An indicative result was an increase in the percentage of employees who rated the ISC 
level at the creative level — from 4 to 13%. 

Based on the results of the focus group interview (questionnaire no. 3) it was revealed that the majority of 
respondents (70%) were familiar with the motivational program for safe work. Moreover, in their opinion, this 
program was functioning effectively. At the same time, 70% of the interviewees did not know what share of the 
bonus was paid to them for safe work and absence of IS requirements violations. However, the vast majority of 
employees (90%) knew what types of penalties a manager could apply to them for violating the IS requirements. 
Probably, not all employees understood how the motivation program worked at the enterprise. 

The majority of respondents from the focus group (95%) believed that the employer provided a sufficient 
amount of training in the field of occupational safety and health, but only a quarter of them emphasized that the 
training took place in an interactive format, followed by practical study of the material presented. 

Discussion and Conclusion. The work done by the authors made it possible, first of all, to assess the ISC level 
at the gas transport enterprise under study, as well as to present a comparative analysis of average values of ISC 
for all components. In 2022, this value was 4.23 (fourth level), while the average estimate in 2021 was 3.66 (third 
level) according to the five-level classification of the International Association of Oil and Gas Producers. 

Annual monitoring of ISC level allowed us to identify lower components that needed to be paid attention to: 
motivation and competence, training of employees in the field of IS. In this regard, at the suggestion of the 
authors of the article, the administration and the IS service of the gas transport enterprise carried out and 
implemented measures to improve the ISC level. 

To ensure motivation for safe work, methods of encouragement for performance and methods of influence for 
violating the key rules of a gas transportation enterprise were proposed, methodological materials for working 
with personnel demonstrating risky behavior were developed, and the information about bonus payments was 
brought to employees through memos and information posters. In order to form and develop competencies in the 
field of industrial safety, personal obligations of employees in the field of industrial safety have been developed, 
employees have been trained and will continue to be trained in advanced training programs "Leadership in the 
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field of industrial safety", "Behavioral safety audit. Rules of conduct", "Identification of hazards and risk 
management in the field of industrial safety", "Analysis of the root causes of accidents. The procedure for their 
establishment and development of preventive measures", as well as on the topics "ISO 45001:2018 "Occupational 
health and safety management systems. Requirements with guidance for use", "The procedure for conducting 
audits of the occupational health and safety management system taking into account the requirements of 
ISO 45001:2018". The work has been organized aimed at developing risk-oriented thinking among employees of 
the enterprise. 

In the future, it is planned to develop and implement a personnel assessment system that will determine the 
level of development of critically important personal and leadership qualities of employees and thereby assess the 


impact of these qualities on ensuring a high ISC level. 
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Abstract 

Introduction. Modern scientific and applied literature examines the problems of cable cars functioning quite 
thoroughly. First of all, it concerns ensuring the reliability and safety of traffic, both during operation and during project 
development. 

In addition, the paper considers the relationship of cable cars with the environment and the level of environmental load 
from this type of transport. A good solution could be the use of mathematical models that can take into account a set of 
parameters and criteria that characterize the cable car as a system. The same approach would be useful for optimizing 
technical characteristics of the object. However, there is no description of such a solution in the literature. This gap is 
partially filled by the presented work. The study aims to create a model of multivariable optimization of cable car 
technical characteristics for the transportation of municipal solid waste (MSW). 

Material and Methods. To clarify the theoretical basis, the literature describing the problems of cable cars and their 
solutions in general has been studied. Mathematical calculations were justified by a volume of equations that proved 
their adequacy in determining the useful transport work, load, adjustment of time and speed of cargo movement and 
other significant parameters of the system under study. When forming the model, we proceeded from the principles of 
L.S. Pontryagin (needle variation) and Hamilton — Ostrogradsky (kinematics of a certain road segment). Text data 
about the features of the system elements and their interaction were summarized in tables. The main calculations results 
were visualized in the form of graphs. 

Results. The solution to the problem of optimal control of the cable car on which solid waste was moved was presented. 
The motion control vector was shown as a vector of optimized technical parameters of the system: speed of movement, 
rope tension, number and weight of containers. The well-known solution to the optimization problem was reproduced in 
a general form, which involved determination of a control vector function and its corresponding trajectory with the 
achievement of a minimum of the target functional. The weak point of the system of differential equations for the 
realization of the goals of this scientific work was noted. In this regard, it was proposed to consider the investigated 
section of the cable car as a dynamic system with distributed parameters. The formulation of the multi-criteria 
optimization problem was described in detail. The advantages of reducing the number of criteria taken into account 
were listed and the use of the reduction method, which was based on the hierarchical structuring of the system of partial 
optimality criteria, was justified. Four main elements of the municipal solid waste (MSW) transportation system were 
considered in interrelation. This was a cable car, a transport and logistics point, a transport and logistics terminal and an 
environment that generated solid waste. Within the framework of this work, we considered an urbanized environment. 
The sub-elements of the named elements were listed and 12 directions of their interactions were shown. In detail, within 
the framework of a three-level hierarchy, four main complex indicators of the complexity of the system under study 
were described: environment, road, point and terminal. The solution of a multi-criteria optimization problem was 
shown, calculations were performed for the optimized parameters — the characteristic of the complexity of the road and 
the characteristic of the terrain. The results of calculations were presented in the form of graphs. Thus, the dependences 
of the optimized parameters on the weight of the loaded container, the length and speed of the cable car were illustrated. 


© Marchenko YuV, Deryushev VV, Popov SI, Marchenko EV., 2023 


Marchenko YV, et al. Model of Multi-Parameter Optimization of Cable Car Characteristics in a Solid Waste Transportation System 


Conclusions. The main result of the study is an idea of the possibility of a mathematical solution of a multivariable and 
multi-criteria problem of optimizing two characteristics of a cable car (complexity and terrain feature). The proposed 
approach allows you to change the hierarchy in the complex of indicators. The results of this scientific work can be 
used, if necessary, to integrate the road project with neural network models, to work with fuzzy linguistic indicators, to 
solve applied problems. 


Keywords: cable car complexity, cable car environment complexity, transportation of municipal solid waste, multi- 
criteria optimization 
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AHHOTalna 


Beedenue. CospemMenHasd HayyHad UM MpuKaqHad JMTepatypa OBOJIbHO OOCTOATeMbHO paccMaTpHBaeT MpoOsIeMbI 
(PYHKUMOHHpOBaHHA KaHaTHBIX Jopor. B nepByro oYvepeyb peyb UseT O BOTIpOcax oObecreueHHA HayexKHOCTH UV 
Oe30MacHOCTH ABYWXKCHHA — KaK BO BPeMA IKCIVIyaTallMu, TaK M B IIpolecce paspaOorTKH mpoektTa. 

Kpome Toro, paccMaTpHBaeTca B3aMMOCBA3b KaHaTHbIX JlOpor Cc OKpyxKatoljel cpeO, BbIICHACTCA YpOBeHb 
9KONOrHYeCKOH Harpy3KH OT JaHHOro Bua TpaHcnopTa. XOpowWIMM pellieHHeM MOTJIO ObI CTaTb MCMOb30BaHHe 
MaTeMaTHYeCKHX MOJesIeH, CIOCOOHBIX YYHTHIBATh KOMIMJICKC TapaMeTPOB UM KpUTepHes, XapakTepH3YIOWMX KaHaTHy!O 
Wopory Kak cucTemy. DTOT %*e MOAXOA Obit ObI NOMe3eH WIA ONTHMM3alHH TEXHHYCCKUX XapaKTepHCTHK OObEeKTA. 
OyHako B JIMTepaType He MpescTaBleHo omucaHue Takoro peulenua. JlaHHblii mpoOem oTyacTH BOCIIOHAeT 
lipeyctaBieHHat padota. Ee web — co3qaHve MOJeIH MHOronapaMeTpHyecKOH OMTHMH3alMH TeXHHYeCKHX 
XapaKTepHCTHK KaHaTHOH JOpOrH AJA TpaHCHOpTHPOBKH TBeEpABIX OBITOBbIX OTXOZOB (TBO). 

Mamepuanvei u memoooi. JIna yrouneHua TeopeTuyeckoi Oa3bI u3ydeHa JMTepaTypa, B UWeIOM OMHCbIBaIOlad 
TIpoOeMbl KaHaTHbIX Opor u Ux pelwleHHa. Matematwueckve pacueTbl OOOCHOBaHbI OOBeEMHOM To WOopKol 
ypaBHeHHi, 0Ka3aBIUMX aj[eKBATHOCTh pH olpeseseHHH Mowe3HOM TpaHCcnopTHOM padoTbI, Harpy3KH, 
KOPpeKTHPOBKH BpeMeHH UH CKOPOCTH NepeMeleHuA Tpy30B HW Apyrvx 3HAYMMBIX WapaMeTpoB UccieyyeMON CHCTeMBI. 
IIpu dopmMuposanun Mojenu ucxoguiM 43 npuHyunos JI.C. Wourparuua (urompyatas Bapuayua) wu DamubTrona — 
Octporpagckoro (KHHeMaTHKa olpeyeeHHoro OTpe3Ka oporu). TeKcToBble DaHHble 06 OCOOeHHOCTAX 3JIEMCHTOB 
CHCTeMBI H HX B3aHMOJeicTBHU CBeeHbI B TaOIMUbI. Mroru raBHbIx pacdeToB BH3YaJIM3HpOBaHbl B Bue rTpapuKos. 
Pe3ynemamoet ucciedoeanua. WpectaBiexo pelieHve 3afadv ONTHMasIbHOrO yiipaBIeHHa KaHaTHOHM oporoi, m0 
KoTOpoH nepemenjaror TbO. Bextop ynpaBieHHa JBWKeHHeM T10Ka3aH KaK BeKTOP OMTHMM3HPpyeMbIxX TeXHHYeCKHX 
TlapaMeTpOB CHCTeMBI: CKOPOCTh JIBYHKCHHA, HaTKeHMe KaHaTa, YHCIIO MH Bec KOHTeMHepos. Bocnpon3BoquTCA 
W3BeCTHOe pelleHHe 3aa4H ONTHMH3alMH B OOWeM Bue, KOTOPOe MpesomaraeT olpeyeeHue BeKTOp-PyHkKuHU 
ylipaBleHua HM COOTBETCTBYIOWIeH eMy TpacKTOpHu c OCTHKeHHeM MMHMMyMa IeleBoro (PyHKUMoHaa. OTMexeHo 
cjaOo0e MecTO cHcTeMBI AuddepeHuMabHbIX ypaBHeHHi [IA pearu3aluu Wee TaHHol HayyHor padoTsl. B stor 
CBA3H TIpelIOKeHO pacCCMaTPHBaTb UCcCcIeqyeMbIM y4acTOK KaHaTHOM MOporm KaK JMHAMMYeCKyIO CHCTeMy C 
pacnipeyemeHHbIMM Tapametpamu. J[eTaibHO onMcaHa MOCTaHOBKa 3afa4H MHOTOKpHTepvasbHOl ONTHMNv3AaLHH. 
Ilepeyncsensi IpeHMyljecTBa COKpallleHHA KOJIMYeCTBAa YYHTHIBACMBIX KPHTepHeB HU OOOCHOBaHO IIPHMeHeHHe MeTosa 
PeAYKUMH, KOTOpbI OasHpyeTca Ha HepapxWyuecKOi CTpyKTypu3allWH CHCTeMbI YaCTHbIX KPHTepHeB ONTHMAJIbHOCTH. 
PaccMOTpeHbI BO B3AHMMOCBA3H YeTbIPe TIABHbIX 3JIEMCHTa CHCTCMbI TPaHCHOPTHPOBKH TBePAbIX ObITOBbIX OTXOJOB 
(TBO). Sto kaHaTHad WoOpora, TpaHCHOPTHO-OrHCTHYCCKHM MYHKT, TpaHCHOpTHO-JIOrHCTHYeCKHU TepMHHasI H cpeya, 
KoTopas reHepupyet TbO. B pamxkax jaHHol paOoTbI peyb ugeT 06 ypOaHu3upoBaHHo cpeye. Ilepeuucensi 
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TMOJRICMCHTbI Ha3BaHHbIX 3IEMeCHTOB M WoKa3aHbI 12 HalpaBsIeHHit MX B3aMMOelicTBHH. JleTaIbHO, B paMKax 
TPeXypOBHeBOM HepapXxHH, OMMCaHbI YeTbIPe TaBHbIX KOMIVICKCHBIX MOKa3aTeJIA COXKHOCTH H3yY4aeMO CHCTEMBI: 
cpefla, Wopora, MyHKT Hu TepMuHa. Iloxa3aHo pellieHHe MHOTOKpHTepHabHON 3aayH ONTHMU3allHH, BbITOJHeHbI 
pacueTbI 110 ONTHMU3HpyeM HapaMeTpaM — XapaKTepHcTHKa CJIOXKHOCTH OporH MW XapakTepHCTHKa MeCTHOCTH. 
PesybTaTbI pacueTOB [peycTaBleHbl B BHAe rpaduKos. Takum o0pa30M IMpOHJWIOCTpHpoBaHbI 3aBHCHMOCTH 
ONTHMU3HpyeMBIX TapaMeTPOB OT MaCCBI 3arpyKeCHHOTO KOHTelHepa, JJIMHbI HM CKOPOCTH KaHaTHOM JOporu. 
O6cystcoenue u 3aknio4uenue. OcHOBHOM MTOr UccHeqoBaHua — c(opMupoBaHO pescTaBseHHe O BO3MO%XKHOCTH 
MaTeMaTHYeCKOrO pelieHHA MHOrolapaMeTpHyecKOH HM MHOFOKpHTepHabHOH 3aadH ONTHMM3alMH BYX 
XapaKTepHCTHK KaHaTHOM JOporH (CO%*KHOCTb HM OCOOeHHOCTH MecTHocTH). peqoxKeHHbIM MOAXOA WO3BOJIACT MCHATS 
wepapxHio B KOMIVIeKce oKa3aTeyei. PesyibTaTbl aHHOM Hayd4Hol paOoTbI MO%KHO MUCIHOb30BaTb MIpH 
HeOOxXOAMMOCTH HHTerpalluH mpoeKTa oporH c_ HelipoceTeBbIMH MOJeIAMM, B padoTe c He4eTKHMH 
JIMHTBUCTHYCCKHMM MOKa3zaTesaMu, JIA peWleHHA IPUKMAaHbIX 3aa4. 


KoroueBbie CIOBAa: CIOXKHOCTh KaHaTHOH AOpOrn, CIO%KHOCTb Cpejibl KaHaTHOU AOpOorn, TpaHCIOpTHpOBKa TBepAbIX 
ObITOBbIX OTXOJOB, MHOTOKPHTepHasIbHad ONTHMH3alnA 


BuaarogapHocrn. ABTOPBI BbIPaKaroT IIpH3HaATCJIBHOCTb KOJWICTaM 3a NOMOIMIb. 


Aaa warupospannsa. Mapuexxo f0.B., Jepromes B.B., Honos C.V., Mapyenxo 3.B. Moyes muHoronapametpvyeckoi 
ONTHMH3al[HH XapakTepHCTHK KaHaTHOM JOpori B CHCTeMe TpaHCHOPTHPOBKH TBepAIX OBITOBIX OTXOZOB. bezonacnocmb 
MeXHOZEHHvIX U NPUPOOHwIx cucmem. 2023;7(4):80-96. https://doi.org/10.23947/254 1-9129-2023-7-4-80-96 


Introduction. Modern cable cars are high-tech complexes for passengers and cargo movement. Numerous scientific 
and applied studies are devoted to them. Technical features of these objects are being studied. The issues of their 
relationship with the environment are being clarified. Following the trends of recent years, the authors have found out 
the level of environmental load from this type of transport. The focus of attention is always on ensuring the reliability 
and safety of traffic — both during operation and during the development of the project. 

Many authors and teams have studied the issues of improving technical characteristics of cable cars by improving 
their designs. The results of such studies have been implemented in passenger and cargo rope transport projects [1-3]. 
In [4, 5], a different approach to the problem of reliability and safety of operation of the objects under consideration is 
presented. In this case, the quality of the project is determined by the number of factors that affect the stability of the 
system. In this regard, it would be advisable to consider the possibilities of multiparametric and multi-criteria 
optimization of the technical characteristics of cable cars. However, there are no publications on this topic in modern 
scientific literature. 

The work aims to show the possibility of creating a model of multiparametric optimization of technical 
characteristics of a cable car for the transportation of municipal solid waste (MSW). 

Materials and Methods. Within the framework of the presented scientific work, the data from the literature devoted 
to the issue under study are summarized. One of the approaches to solving the problem is described in [6]. Solid waste 
is collected in removable containers, compacted, placed in vacuum and delivered by truck to a transport and logistics 
point. Here the container is moved to the cargo cable car. It connects the transport and logistics point with the transport 
and logistics terminal, where the container is loaded onto an intermediate decelerating conveyor, removed from the 
cable car, unloaded, then washed and disinfected. The described scheme assumes environmental control of processes, as 
well as maintenance and repair. 

Let us consider a section of a cable car between two supports (Fig. 1). Let us assume that the supports are located at 
the same height and at distance / from each other. Between them there can be one or more containers weighing 
Gyi i= 1, ..., n) each. 
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Fig. 1. Diagram of the process of transporting containers on a cable car 


n 
On a section of the cable car, the containers with cargo with a total weight of G,, = SG, are delivered at a certain 


i=l 


distance, and then it is an effective transportation A, equal to the product of cargo in tons /,, times the distance in km: 


A= Gy ly = De Gat) (Gur hgs)- 

Transport work is measured in ton-kilometers. The productivity of the transport process is the useful transport work 

per unit of time: 
a2. Gil 
t 

where t — time taken to move the load with total weight G,, to the distance of the total load from the support 
bop boy = De Gentes 17 

Value v=/,,/t represents the speed of movement of goods by cable car. In the first approximation, it can be 


considered equal to the speed of the rope. In general, taking into account the slackness of the rope with containers by 
value h, the speed of movement of goods on the cable car will be slightly less than the speed of the rope. 

An effective process is the delivery of as much cargo as possible in less time to a given distance. In our case, loads 
with a given total weight )'G,, are moved by a cable car at a distance / between two supports. Then the task of 


increasing efficiency is reduced to minimizing travel time f,, : 


When solving problems to reduce the transportation time, such characteristics of the cable car as the speed of 
movement v, the tension of the rope T, the number of containers between the supports n and the weight of one container 
with a load G,, vary. Value G,, is assumed to be the same for all containers. Then the task of increasing efficiency is 


reduced to maximizing: 
v>G, — max. (1) 
(=) 


The speed of movement of cargo cable cars is limited by standards in the field of industrial safety!. The speed 
parameter is usually limited by the dynamic coefficient p: 


where A, — amplitude of the container vibrations depending on the speed of the rope; A,,— static (or equilibrium) 


amplitude, i.e. static deformation of the elastic bond (maximum rope sagging) under the action of weight forces of all 
containers at zero or very low speed of movement the rope. 


'Ob utverzhdenii federal'nykh norm i pravil v oblasti promyshlennoi bezopasnosti "Pravila bezopasnosti passazhirskikh kanatnykh dorog i funikulerov". Order 
of the Federal Service for Environmental, Technological and Nuclear Supervision No. 441 dated November 13, 2020. Electronic Fund of Legal and Regulatory 
and Technical Documents. URL: https://docs.cntd.ru/document/573191373 (accessed 25.09.2023). 
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Changes in the shape and frequency of vibrations [7] lead to changes in dynamic loads on ropes and other power 
elements. Overload acting on the container in the vertical direction along the z axis: 


Fos 8g 


where P, — dynamic load, P., — static load,  — acceleration of the container in the direction of the vertical z axis. 


Therefore, we will proceed from the safety requirements. We take into account the influence of rope tension and 
parameters from expression (1) on the dynamic coefficient and the magnitude of overloads. In this case, solution to the 
problem of increasing efficiency requires solution to the optimization problem of the cable system dynamics, which is 
described by a finite set of parameters. Thus, we are talking about a multiparameter problem. 


Results 

Formulation of the optimization problem for systems with lumped and distributed parameters. To solve the 
problem, we apply L.S. Pontryagin's needle variation [8] to the invariant features of the actual motion of a dynamical 
system. 

In the classic formulation of the optimal control problem, the cable car between the supports is considered as a 
holonomic dynamic system the mechanical connections of which are reduced to geometric ones. For the system under 
consideration, Hamilton—Ostrogradsky principle [9] is valid, according to which on trajectory q(t), that does not 


contain kinematic foci: 


8J = | (8T+8'A) dt=0, (2) 
0 
t= 0, q(O) = qo, t= te q(t) = Gs 
dq, = 5q, =0, (3) 
qth) 
where J — target functional; T= 7(q, g) — kinetic energy; A = | Qdq — work of generalized forces that depend 
q(0) 
on generalized coordinates; g(t) = [q1, ..., Gn]’ ER" — vector of specified generalized coordinates; (A) = [Q1, ..., Qnl’€ 
R" — vector of generalized forces; t = [0, t,] — time; 6 — symbol of variation; 56’ — symbol of infinitesimal increment 
of quantities. 
Vector of generalized forces depends on control vector u(‘): 
u(the R", Q= Q(q,q,u, 1), m<n. (4) 


The motion control vector is a vector of optimized technical parameters of the system: speed of movement, rope 
tension, number and weight of containers. 
In general, the optimization problem involves determining the control vector function wu(g,qg) and the 


corresponding trajectory q(t), so that the minimum of the target functional is achieved: 


J = [F(9.4)dt— min. (5) 
0 
Under conditions (2), (3) and control constraints: 
ueG, (6) 
where G, — closed set of permissible controls in the space of functions [0, %] set at a finite time interval; F(qg,q) — 


sign-constant function. 
Let us suppose, in the first approximation, the rope system is modeled as dynamic and consists of a finite number of 


concentrated masses (containers) connected by elastic constraints. In this case, to solve the optimization problem, it is 


necessary to determine the laws of speed change v(t)=x(t), rope tension T= f(t), the values of the number of 


containers n(x,x) and their weight G,, —T such that the target functional J takes the minimum value: 


J=|](s—ny'ee( sx |teomin (7) 


Initial and terminal conditions for (7): 
t =0, x(0)=0, <(0) =v 


P= be EN LAE avs (8) 


min? 
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In addition, taking into account (2), we keep in mind the ordinary differential equations of motion of the dynamical 
system under consideration. Restrictions are imposed on the speed of movement, the amount of tension, the number and 
weight of containers: 

Vinin [YS Vina O<T STs L< MS May 3 Gorin < Guy S Ginax + (9) 

In addition, the acceleration of containers in the direction of the x axis, in the transverse direction (along the z axis), 
as well as the transverse deviations of the i-th container w(x, f) along the z axis are limited: 


max? ~ min 


X (0) S Xa ZO) S Zinax 3 WA) S Wray « (10) 
To solve the optimization problem, instead of target functional (7), an extended functional is considered: 
pafttep| 4 fae |bar, (11) 
0 | 2 2 % 


where pp, — Lagrange multiplier. 

Let us mention the weak point of constructing a system of ordinary differential equations of motion of the dynamic 
system under consideration with a variable number of concentrated masses and variable boundary conditions. The fact 
is that in order to implement this approach, it is necessary to introduce a number of assumptions that reduce the 
reliability of optimization results. Therefore, we consider the corresponding section of the cable car as a dynamic 
system with distributed parameters. In this case, to study the dynamic processes of a system with a mobile discrete and 
distributed inertial load, we use the partial differential equation of transverse rope vibrations reduced to a homogeneous 
differential equation: 


Ow fom Ow 


“w 
(x) — + 2p(xv — -(T -p(x)v*) — =0, (12) 
ee axa PMY 
where p(x)=p,+ > G,,8(x—x,); P) — mass of the rope length unit; G,,, — mass of the i—th concentrated 
i=l 
load; 8(x-~x,) — Dirac function; x, — coordinate determining the position of the i-th load; 7 — rope tension; 


w(x,t) — transverse deviation; v — longitudinal velocity of the rope. 

A detailed review of methods for solving optimization problems for dynamic systems with distributed parameters, 
including hyperbolic systems of form (10) with controlled connections at the boundaries, is given [9]. Most methods are 
based on the assumption that of all the permissible control actions on the system under consideration, only one 
corresponds to the optimal state of the process, i.e. solution of differential equation (10). Another assumption is the 
convexity of the set of permissible controls in the target functional — for example, as in (7). At the same time, for 
systems with distributed parameters, the absence of optimal control or the presence of multimodal functions in the 
target functional with multiparametric optimization is acceptable. In addition, the complexity of obtaining the necessary 
(and, preferably, sufficient) optimality conditions does not guarantee the adequacy of the results of solving a model 
optimization problem to the optimization goals for a real object. This disadvantage is also characteristic of dynamical 
systems modeled by ordinary differential equations. 

The above proves the relevance of developing approaches that will overcome the shortcomings noted above. It 
concerns the methods of so-called suboptimal management. These include multi-criteria optimization methods used in 
decision-making or selection tasks. In this case, they make it possible to consider simultaneously a larger number of 
parameters of the optimized system in a multidimensional space of criteria (indicators). 

Formulation of a multi-criteria optimization problem. Let U — n-dimensional vector of optimized technical 
parameters of the system (control vector) and n > 1. In our case n = 4. Vector components: uv; — speed of movement, 
uz — rope tension, v3 — number of containers, u4 — weight of one container. As noted above, restrictions can be 
imposed on vector U, which is a closed set G. of form (6), which is called the set of acceptable values of the vector of 
optimized parameters. The dimension of this set is r >. Constraints and limiting functions have form (9) and (10). 


Let us introduce vector optimality criterion K(U), defined on the set Gs in m-dimensional arithmetic space 


m 


(criterion space) R’”. Here m > 1, i.e. in the limiting case, for m = 1 the optimization problem becomes single-criteria, 


for m > 1 — multi-criteria. The components of the vector optimality criterion are particular optimality criteria: 
K(U) = {ki(U), k2(U), ..., km(U)}. (13) 
They may also be subject to restrictions. This is due to the need to bring to a dimensionless form and a single scale 
of changes in values, for example, in the proposed model 
0<k(U) <1,i=[1,..., ml]. (14) 
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In addition, in the general case, when forming particular optimality criteria, depending on the optimization goal, the 
values of some particular criteria should be increased, and the values of others should be reduced. Let us note, however, 
that the task of criterion minimization by introducing an inverse transformation is reduced to the task of maximization. 
Therefore, let us assume that maximization of all partial optimality criteria is desirable in the developed model. 

We also note possible limitations on the value of m, i.e. on the number of particular optimality criteria (indicators) 
formed when solving specific problems. Obviously, one criterion, even a complex one, cannot cover all the 
requirements. Modern computer technologies make it possible to solve problems with a large amount of data without 
loss of accuracy, so many researchers maximize the number of particular criteria, use even those factors that practically 
do not affect the result of optimization. At the same time, an increase in the dimensionality of the system makes it 
difficult to build and may disrupt the stability of computational algorithms, especially in target functionals with 
multimodal functions. 

From a mathematical point of view, reducing the number of criteria reduces the complexity of computational 
algorithms and opens up the possibility of a simple graphical interpretation of the results (for example, for two- 
dimensional or three-dimensional criterion spaces). In addition, the verification of algorithms is simplified. The problem 
can be reduced to a single-criteria one, and there are many proven methods for solving it. In general, reducing the 
dimension of the formed system of partial optimality criteria (indicators) greatly simplifies the solution to the 
optimization problem. 

Most often, the method of eliminating duplicate or insignificant indicators is used for reduction. However, it is 
possible to mistakenly exclude important factors. Therefore, within the framework of the presented work, a reduction 
method was used based on the hierarchical structuring of a system of partial optimality criteria without their artificial 
exclusion [10]. 

So, let us consider the functions (processes) of the system under consideration with an optimized object — a cable 
car (Fig. 2). 


7 
1 > 3 
Urbanized environment Transport and 
8 logistics point 
Pad 
2 4 
Cable car 


12 


Transport and logistics 
terminal 


Fig. 2. Functional diagram of the MSW transportation system 


Four elements of the MSW transportation system are described in [6]. 

1. Urbanized environment determines: 

— layout of settlements; 

— transport infrastructure; 

— terrain and landscape; 

— natural and climatic conditions; 

— weight and volume of generated solid waste; 

— time of removal of solid waste. 

2. Cable car performs the main function — moving solid waste to the disposal site. The main (including optimized) 
characteristics of this element of the system: 

— type of cable car; 

— number of containers on the road and between supports; 

— rope tension; 

— rope diameter; 

— speed of movement; 

— step of discrete drives; 

— space between the supports. 
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3. Solid waste is collected and stored for some time at a transport and logistics point. Its main characteristics: 


— area; 
— height of indoor premises; 
— loading and unloading performance; 


— dimensions and technical capabilities of conveyors; 


— number of empty containers. 


4. In the transport and logistics terminal, solid waste is unloaded, moved from the cable car to the disposal site. 


Emptied containers are sent for washing, storage and inspection. The main characteristics of this element of the system 


are: 


— area; 


— height of indoor premises; 


— dimensions and technical capabilities of conveyors; 


— loading and unloading performance; 


— parameters of equipment for washing, drying and disinfection of empty containers; 


— number of empty containers. 


Table | describes the interactions of the elements, which are shown in Figure 2 with numbers from | to 12. 


Table | 
Interaction of elements of the MSW transportation system by cable car 
Direction Interacting elements 
(o) 
1 | Urbanized environment — cable car Volume and weight of solid waste; volume, weight, number of 
containers; technical characteristics of the road 
2 |Cable car — urbanized environment Cable car operation processes; ecological state of the environment; 
safety indicators of intersected objects (roads, water barriers, buildings, 
agricultural land, etc.) 
3 | Cable car — transport and logistics Number and weight of empty containers; speed and regularity of arrival 
point of containers at the point 
4 | Transport and logistics point - cable car | Number and weight of loaded containers; speed and regularity of arrival 
of containers on the cable car 
5 | Cable car — transport and logistics Number and weight of loaded containers; speed and regularity of receipt 
terminal of containers in the terminal 
6 | Transport and logistics terminal — cable | Number and weight of empty containers; speed and regularity of arrival 
car of containers on the cable car 
7 | Urbanized environment — transport and | Route length; transport infrastructure; container volume and weight; 
logistics point vehicle load capacity; number of vehicles and containers per vehicle; 
vehicle speed; speed and regularity of container arrival at the transport 
and logistics point; climatic conditions 
8 | Transport and logistics point — Processes of operation of a transport and logistics point; environmental 
urbanized environment situation 
9 | Urbanized environment — transport and | Volume and weight of solid waste; natural and climatic conditions 
logistics terminal 
10 | Transport and logistics terminal — Processes of operation of the transport and logistics terminal; 
urbanized environment environmental situation 
11 | Transport and logistics terminal — Volume and weight of solid waste; number of empty, excluded and 
transport and logistics point added containers; maintenance and repair processes 
12 | Transport and logistics point — Volume, weight of solid waste; number of filled, excluded and added 
transport and logistics terminal containers 
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Container washing speed 
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Number of containers 
— and the speed of their 
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Fig. 3. Scheme of functional interaction of the main indicators of the MSW transportation system from the conditional 
Rostov-on-Don district 


Figures 2 and 3 allow us to build a hierarchy of indicators (Fig. 4). 


Ki 


Indicators of the 
complexity of the 
urbanized environment 


Indicators of the 
complexity of the cable 
car K2 


Comprehensive indicator of cable car technical efficiency according to 
the optimized parameters 


Indicator of the 
complexity of the 
transport and logistics 
terminal K4 


Indicator of the 
complexity of the 
transport and logistics 
point K3 


Fig. 4. Hierarchical structure of criteria characterizing the cable car as a system 


Tables 2 and 3 show the examples of complex indicators of technical complexity of building and functioning of an 
eco-friendly system for removal of solid household waste by cargo cable transport in an urbanized environment. 
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Table 2 
Comprehensive indicators of technical complexity of the cable car as a solid waste transportation system 
Indicator level Dimension, unit of 
Ist 2nd 3rd measurement 
Very bad 
Bad 
Layout of the area Ki11 Average 
Layout of the settlement 
: Good 
with transport Vv q 
infrastructure Ky; a Mas 
Length of paved 
State of the transport infrastructure Ki12 | streets to the total 
length of streets 
. Bad 
Terrain and landscape of 
Average 
the area Ki2 
Good 
Weight Ki31 t 
Characteristics of solid |SMW Volume Kj32 mm 
C jecisce household waste (day) Solid 
aa en Ki3 Structure K133 Liquid 
urbanized environment K, =e 
No classification 
Temperature K,41 C@ 
Natural and climatic Wind velocity Ky42 m/s 
conditions Ki4 Humidity K143 % 
Number of sunny days in summer Kj 44 Units 
Frequency of solid waste removal Kj51 Once a week 
Number of trucks K152 Units 
Transportation costs (fuel and lubricants, Rub 
ub. 
; maintenance) Ki53 
Removal of solid : . 
Number of containers per car Kj54 Units 
household waste Ks 
Route length Kis55 km 
Vehicle speed Kis6 km/h 
Container volume K1s57 m? 
Container weight K1ss kg 
Cable car length Ka; m 
Number of containers on the cable car Units 
and between the supports K21." 
Cable car characteristics | Rope tension K213" kN 
Ko Cable car speed Ka14° m/s 
. Distance between supports K215 m 
Cable car complexity Kz : z 
Rope diameter K216 mm 
Weight of loaded containers K217 kgr 
Height difference K22) m 
Terrain characteristics Bad 
Kx Obstacles along the way K222 Average 
Good 
Layout of a transport Occupied area K31, m 
and logistics point K3; | Height of indoor spaces K312 m 
a ar Number of unloading platforms K32) Units 
Transport and logistics Characteristics of : : 
‘ : : : Number of loading platforms K322 Units 
point complexity K3 loading and unloading ; : 
: Unloading performance K323 Units /hour 
operations K32 : F 
Loading performance K324 Units /hour 
Characteristics of the Conveyor length K331 m 
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conveyor for empty Number of containers to be placed K332 _| Units 
containers K33 Number of empty containers sent for Unit 
nits 
storage K333 
a Conveyor speed K341 m/s 
Characteristics of the 
; Conveyor length K342 m 
accelerating conveyor : 
K Load capacity K343 t 
34 : 
Drive power K344 kW 
_ Conveyor speed K351 m/s 
Characteristics of the 
. Conveyor length K352 m 
decelerating conveyor - 
K Load capacity K353 t 
35 ; 
Drive power K354 kW 
; . Occupied area Kai; m 
Terminal size Ky, - - 
Height of indoor spaces Ka12 m 
a Conveyor speed K351 m/s 
Characteristics of the 
; Conveyor length K352 m 
decelerating conveyor : 
K Load capacity K353 t 
2 : 
Drive power K354 kWr 
Darsiieteis af the Efficiency K431 Units /hour 
equipment for unloading Number of tilters K432 Units 
solid waste from the ; : 
canter TGs Number of unloading platforms K433 Units 
Line length Kaa; m 
Number of washing positions K442 Units 
Parameters of 
T ae . ; . Water pressure K443 MPa 
ransport and logistics equipment for washing, 
terminal complexity Ky drying and disinfection Ch ae fd K Bad 
of empty containers Kaa aracteristics of detergents K4a4 Average 
Good 
Drying speed Kags min 
Conveyor length Ks: m 
Chaticienehecdr ing Number of containers to be placed K452__| Units 
conveyor for Number of empty containers sent for Units 
maintenance and repair | maintenance and repair K4s3 
of empty containers K4s Bad 
Container maintenance K4s4 Average 
Good 
_— Conveyor speed K461 m/s 
Characteristics of the Conveyor length Kaeo a 
oo conveyor [7 oad capacity Kass t 
6 ; 
Drive power K464 kW 


K* — optimized parameters. 


Marchenko YV, et al. Model of Multi-Parameter Optimization of Cable Car Characteristics in a Solid Waste Transportation System 


Table 3 
Intervals of changes in cable car complexity indicators 
Level 3 Indicator Oat ue eee Change interval 
dimension 
Cable car length Kai m 1000...50000 
Number of containers on the cable car and between the supports K212" | Units 1...20 
Rope tension K213" kN 10...15 
Cable car speed Ka14" m/s 0.5...5 
Distance between the supports K215 m 40...150 
Rope diameter K216" mm 10...1000 
Weight of loaded containers K217 kg 500...1500 
Height difference K221 m 0...2000 
Bad 
Obstacles along the way K222 Average 0...1 
Good 


In general, there should be at least two indicators at each level of the hierarchy (with the exception of the topmost 
one, which represents the target function). When grouping particular criteria at each level, the number of criteria 
(indicators) in the group can vary from one to some specified maximum value, i.e. 1 <m <Mmnax. At m= 1 the indicator 
of the upper level moves to the lower one without change and vice versa. The maximum value is determined by the 
dimension of the criterion space and the complexity of constructing a computational optimization procedure in this 
space. Let us take mMmax= 8. 

All criteria (indicators) of the lower level can be measurable and immeasurable. The examples for the first case: 
"height difference", "total length". For the second case — "relief" (simple, complex, very complex). To describe such 
criteria, it is proposed to use the methods of fuzzy set theory, i.e. to determine the function of an object belonging to the 
corresponding set, as in [10]. 

So, let us formulate the task of multi-criteria optimization to the maximum for each group of partial optimality 
criteria at all levels. It is necessary to determine the vector function of the optimized system parameters (control vector) 


U on a closed set GC. so that the maximum of the target functional is achieved 
K(U) — max (15) 
under condition (13) and constraints (9, 10 and 14). 
G, — closed set of permissible controls in the space of specified functions (permissible values of the vector of 
optimized parameters). 
Vector U" €G, is the global solution to problem (15) if K(U*) = K(U) for all U €G, . 


To solve the multi-criteria optimization problem, we will use scalarization method of vector criterion (13). To this 
end, we apply the additive function: 


m 


K.(U)=> ak, (U). (16) 
i=l 
For coefficients a; the conditions must be met: 


a, >Onpui=l,....m; >) a, =1. (17) 


i=l 

Then initial problem (15) is reduced to finding the maximum of integral indicator (16). In this case, the method of 
determining the coefficients a; is especially important. These are the convolution coefficients of vector criterion (13) 
from the multicriteria space to the numerical axis of scalar criterion (16) with the physical meaning "better" — "worse". 

To calculate the convolution coefficients, one can use the methodology proposed in [10]. In this case, fuzzy relations 
on pairs of objects from the training sample and integral scalar exponent (16) are considered. A computational 
procedure is constructed for the functional that determines the magnitude of the discrepancy. 

After determining the convolution coefficient vectors for all criteria of the hierarchy, it is necessary to find the 
vector function of the optimized parameters of the system (control vector) U, when additive function (16) reaches the 
maximum for the criterion of the upper level of the hierarchy (objective function). At the same time, on a set of 
parameters, the objective function can have several local maxima. Among them, you need to find a global one. There 
are several computational methods for solving such problems [11]. The so-called evolutionary methods have certain 
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advantages. Some of them are implemented on the basis of a specialized multidisciplinary platform ModeFrontier. To 
solve this problem, we propose genetic algorithm [12]. 


Calculations. The optimized parameters of the cable car, as shown in Table 2, are included in K2 indicator: 
K, =0,6K,, +0,4K,,. 


Ky; (cable car complexity characteristic) is determined by the formula: 
K,, =0,1K,,, +0,15K,,, +0,15K,,, +0,25K,,, +0,1K,,, +0,1K,,, +0,15K,,,. 


Ky» (terrain characteristics), determined by the formula: 
K,, =0,5K,,, +0,5K,,5. 
The use of applied software products made it possible to show the results of calculations in the form of graphical 
dependencies K2; and K» on the optimized parameters in Fig. 5-8. At the same time, the numerical values of the 
variable parameters were determined according to Table 2. 
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Fig. 6. Dependence of Ka: coefficient on the weight of the loaded container 
with a cable car with a length of 40 thousand meters 
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Figures 5 and 6 demonstrate a pronounced extremum for Ko; indicator (cable car complexity characteristic) in the 
weight range of the loaded container 2500-4500 kg. This can be explained by the fact that when using containers with 
low mass, it is necessary to increase their number to ensure a given performance. As a result, the number of elements of 
the system increases, that is, it becomes more complicated. The use of containers with a large mass requires the 
introduction of elements such as additional discrete drives, vibration damping systems, increasing the thickness of the 
rope, etc., which also complicates the system. 
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Fig. 7. Dependence of K2 coefficient on the speed of a cable car with a length of 20 thousand meters 
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Fig. 8. Dependence of K2 coefficient on the speed of a cable car with a length of 40 thousand meters 


Figures 7 and 8 show that in the speed range of the cable car 1.5...3.5 m/s, K2 indicator has the lowest difficulty 
values, since at low speeds more containers are required, and at high speeds additional devices are needed to stabilize 
movement. 

Discussion and Conclusion. The paper considers cable car complexity and terrain features as cable car optimized 
parameters. In the first case, for optimization, it is necessary to take into account the length of the road, the number of 
containers, the weight of loaded containers, the tension and diameter of the rope, the speed of the cable car and the 
distance between the supports. In the second case, the calculation is based on the data on the height difference and 
possible obstacles along the way. Both groups of these parameters demonstrate the complexity of the cable car in terms 
of technology and environment (indicator of the Ist level K2) 
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A model for solving a multiparametric and multi-criteria problem of optimizing the characteristics of a cable car is 
proposed. It allows you to change the hierarchy of indicators. This approach can be used if it is necessary to integrate 
the project with neural network models, to work with fuzzy linguistic indicators, and to solve applied problems. 
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Abstract 
Introduction. Obtaining highly sensitive gas sensors is an urgent task, the solution to which will allow you to accurately 


and quickly assess changes in the air-gas composition of a given medium. Gas sensors based on metal-containing 
pyrolyzed polyacrylonitriles (Me-pPAN) are among the cheapest and most environmentally friendly gas-sensitive 
materials with a fast response. One of the types of sensor materials included in the Me-pPAN list is pyrolyzed 
polyacrylonitrile (pPAN) modified with a chromium (IID) oxide molecule. The reasons for selective adsorption of pPAN 
and Me-pPAN to pollutant gases, which would allow controlling this process and obtaining sensory materials with 
increased sensitivity to gases, are not enough studied. Therefore, the aim of this work was to establish the main causes 
of selective adsorption of semiconductor electrically conductive films by modeling methods in the framework of 
molecular and quantum mechanics. 

Materials and Methods. The authors used modeling methods in the framework of molecular and quantum mechanics 
(MM2), the density functional theory (COSMO) method and the semi-empirical PM7 method in the MOPAC software 
package. 

Results. MM2 and PM7 methods were used to obtain models of adsorption complexes of "Cr-pPAN — gas-pollutant" 
systems. Thermodynamic parameters of the system were calculated for standard environmental conditions. The 
dependence of the adsorption of pollutant gases on the surface of Cr-pPAN on temperature has been established. 
Discussion and Conclusion. As a result of calculating the thermodynamic parameters of gas-pollutant-pPAN/Me- 
pPAN systems and obtaining positive values of Gibbs energies of these systems, it was confirmed that the adsorption of 
polluting gases on the surface of Cr-pPAN was not a spontaneous phenomenon and was effective at high temperatures. 
Considering that when chromium (III) oxide was introduced into the pPAN matrix, the charge on nitrogen atoms 
increased. It could be concluded that a chromium (III) oxide molecule had a positive effect on the semiconductor 
properties of pPAN. It was found that the adsorption of polluting gases (SO2 and NO2) was most likely on the surfaces 
of pPAN and Cr-pPAN. The results obtained in the work can be used to obtain gas-sensitive materials with specified 


metrological characteristics. 


Keywords: pyrolyzed polyacrylonitrile (pPAN), chromium-containing polyacrylonitrile, quantum chemical model, 
molecular modeling, adsorption of pollutant gases, semi-empirical method, electron density, thermodynamics of the 


adsorption process 
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AHHOTauHA 

Beedenue. Womnyuenne BbICOKOUYBCTBHTCJIBHBIX CCHCOPOB 1a3a ABJIACTCA AKTYAIbHOM 3alaueli, pellieHue KOTOpOH 
TO3BOJIMT TOUHO HM ObICTPO OLCHHBaTb W3MCHCHHA B BO3YUWIHO-ra30BOM COCcTaBe 3aaHHOM cpefbl. K Handosee 
J[CWIeCBbIM HM 9KOJOTHYHbIM Ta304YBCTBHTeJIbHBIM MaTepHaslaM, OTJIMYaIOWIMMCA ObICTpbIM OTKJIHMKOM, OTHOCATCA 
CeHCOpbI ra30B Ha OCHOBe MeTaJWICOLepKallMx MWMpOUM30BaHHbIX MouMakpusoHHTpw0B (Me-nIIAH). OnHuMm 13 
BHJOB C€HCOPHBIX MaTepHasIOB, BXOAAMMX B MepeyeHb Me-nITAH, spnaetca nupomM30BaHHbIM NosMakpHWIOHUTpHI 
(nIIAH), Moaud@ulupoBaHHEIi MoseKys0 oKcuya xpoma (III). Wpwannsr cenekTuBHol agcopouuu y nIIAH u y Me- 
MIAH k ra3aM-HOJWNOTaHTaM, KOTOpble NMO3BOMIM Obl yipaBIATb JaHHbIM pOleccoM HM MosyYaTb CeHCOpHble 
MaTepHalibl C TOBbILNCHHOM YYBCTBUTeIbHOCTbIO K ra3aM, B HaCTOsMIee BpeMa He w3y4eHbI. TlosToMy Webio WaHHoH 
padoTsr ObII0 ycTaHOBJIeCHHe OCHOBHBIX IIPH4HH CeJIeEKTHBHOM aCopOUMH MOYNPOBOAHHKOBBIX IICKTPOMPOBOAAMAX 
TICHOK MeTOJJaMH MOJesIMpOBaHHA B PaMKaX MOJICKyJIAPHOHM HW KBAaHTOBOM MeXaHUKH. 

Mamepuaaei u memooot. Uctionb30Baiicb MeTOAbI MOJeIMpOBaHHA B paMKaX MOJIeKyJIApHOW UW KBaHTOBOM MexaHHKU 
(MM2), Metoa Teopuu dyHkuMOHana mioTHOcTH (COSMO) u nonyamnupuyeckuit PM7-mMetoy B mporpaMMHOM 
nakete MOPAC. 

Pe3yiemamoi uccnedoeanua. Metoyamu MM2 u PM7 nonyyenbi Moyes a}COpOUMOHHBIX KOMIVIeKcoB cucTeM «Cr- 
nIIAH — ra3-3arps3HuTeIb». PaccunTaHbl TepMOqMHaMMYeCKHe HapaMeTpbl CHCTeMBbI JIA CTaHapTHbIX yCOBHii 
OkpyxKaroleH cpeybl. YcTaHOBJIeHa 3aBHCHMOCTb acopOuMN ra30B-3arpaA3HuTeseH Ha MoBepxHoctu Cr-nIIAH orf 
TeMilepartypbl. 

Oocyscdenue u 3akiiouenue. B_ pesylbTaTe pacueTa TepMOMHAaMMYeCKHX OKa3aTeIeH CHCTeM «ra3- 
3arpa3HutTesemb — NITAH/Me-nIIAH» u nomy4eHua MOsO%KUTeIbHBIX 3HAYCHHM BeIMYMH 9Hepruu TmO0ca WaHHBIx 
CHCTeM MOTBEpxKAeHO, YTO acopOuNA ra30B-3arpaA3HUTeeH Ha MoBepxHoctn Cr-nITAH He saBiseTca CHOHTaHHBIM VM 
CaMOMPON3BOJIbHBIM ABJICHHeM H 9¢PPeKTHBHA Ip BLICOKHX TeMUepaTypax. Y4NTbIBad, UTO Ip BHeApeHHM OKcHa 
xpoma (II) Bmarpuuy nIIAH, nponcxogut yBemmueHue 3apayja Ha aTOMaX a30Ta, MO%KHO CJ{elaTb BbIBO] O 
MOJIOXKUTCIbBHOM BIIMAHHM MOJIeCKyJIbI OKCH a xpoma (III) Ha nosynpoBoAHuKoBble cBolicTBa MNITAH. YctanHosseHo, YTo 
Ha TloBepxHoctax HITAH un Cr-nIJAH nandosee Bepoatua aycopouna ra30B-3arpa3Hutenet (SO2 u NO2). Pesyuptatst, 
TIOYYeHHbIe B paoOTe, MO%XKHO HCHONb30BaTb IA MOJYYCHHA Ta30UyBCTBUTeCJIbHbIX MaTepHasIOB C 3a/{aHHbIMH 
MeTPOJIOrH4YeCKMMHU XapakTepHCTHKaMH. 

Ksoyesbie Cc10Ba: TMMpoOmM30BaHHbIM nomMaKpunonutTpun (mITAH), xpomcogzepxaliMi nommakpWIOoHHTpH, 
KBaHTOBO-XHMHYeCKad MOJCJIb, MOJICKYIAPHOe MOJeIMpOBAHHe, aycopOuna ra30B-3arpaA3HUTeNeH, NOyIMUMpHyecknit 


MeCTOA, IICKTPOHHAaA IWIOTHOCTh, TCPMOAMHaMHKa ipowecca aylcopOlmH 


Baarojapnoctn. ABTODBI BbIparxKatoT OaroyapHOcTB pewqakKwHv WU penweH3eHTaM 3a BHHMAaTCJIbBHOe OTHOUICHHe K 


CTaTbe HW YKa3aHHble 3aMe4aHHA, KOTOPbIe NO3BOJINJIN TOBbICHTb Ce KadeCTBO. 


Avilova MM, et al. Investigation of the Adsorption Properties of Electrically Conductive Pyrolyzed Polyacrylonitrile Modified 


Aaa yuTuposannsa. Asusosa M.M., 30n0Tapesa H.B. Uccneqopanue ayqcopOuHoOHHbIXx CBOMCTB 3IEKTPOMpOBOAAMero 
MMpOM30BaHHOrO = HOJIMaKPWJIOHHTpHa, MOAMPUUMpoBaHHorO) = oKcHyOM xpoma (Ill), gua mnonyyenna 


BbICOKOSPeKTHBHBIX CeHCOpoB ra30B. bezonacuocmb mexnozeHHoix u npupodHoix cucmem. 2023;7(4):97-105. 
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Introduction. Rapid monitoring of changes in the air mixture composition in the atmospheric air and in the working 
area of an industrial enterprise is a necessary measure to assess the impact of production activities on the environment. 
For these purposes, resistive gas sensors based on modified nanocomposite semiconductor materials are used [1—7]. Gas 
sensors based on metal-containing pyrolyzed polyacrylonitriles (Me-pPAN) are the cheapest and most environmentally 
friendly. They are characterized by a rapid response to the presence of pollutants in the air mixture (NO2, Clo, H2S, CO) 
among sensor devices [8-11]. 

In [12-16], to determine the causes of selective adsorption of polluting gases on the surface of pyrolyzed 
polyacrylonitrile (pPAN) modified with metal oxides, contact processes were simulated using quantum and molecular 
mechanics methods. In the course of the conducted studies, it was found that one of the promising gas-sensitive 
materials was pPAN modified with chromium additives (Cr-pPAN) [17]. The fundamental reason for the use of this 
material was the registration of high indicators of electrical conductivity, more than nine times higher than those for 
unmodified pPAN [11, 12]. 

Studies [11, 17], showed that the Cr-modified pPAN surface had a unique feature and selectivity of adsorption with 
respect to NO», Clz and NH3 under standard environmental conditions. In order to determine the causes of selective gas 
sensitivity in Cr-pPan, studies were conducted using quantum and molecular mechanics methods [17]. As a result of the 
research, it was determined that during the adsorption of the pollutant gas on the surface of the sensor-Cr-pPAN, a Van 
der Waals interaction occurred between the components of the system at the level of 3.5A-5A. 

According to [18, 19], it is known that the presence of a modifying additive in pPAN contributes to an increase in its 
semiconductor properties, which was demonstrated in previously published works. According to [17], COSMO method 
within the framework of the density functional theory confirmed that the introduction of chromium (III) oxide 
molecules into the pPAN structure led to an increase in semiconductor properties. 

Thin-film material based on Cr-pPAN was obtained as a result of polymerization of chromocarbonyl PAN at IR 
annealing temperatures from 200°C to 400°C [7]. Based on the data of X-ray emission spectroscopy [11], Cr-pPAN 
films were a pPAN matrix with a chromium (II) oxide molecule embedded in the interplanar spacing. 

In previous works [12-17] devoted to the study of the interaction of pollutant gases with the surface of Cr-pPAN, the 
influence of environmental conditions on adsorption processes was not taken into account. Currently, the causes of 
selective adsorption of pPAN and Me-pPAN to pollutants, which would allow controlling this process and obtaining 
sensory materials with increased sensitivity to gases, have not been studied. In addition, an important task is to evaluate 
the efficiency of the adsorption of polluting gases on the surface of Cr-pPAN under various temperature conditions, the 
choice of conditions that ensure the most beneficial interaction of components in the "Cr-pPAN — gas-pollutant" system. 
Therefore, the aim of this work was to determine the main causes of selective adsorption in semiconductor electrically 
conductive films by modeling methods in the framework of molecular and quantum mechanics, as well as to study the 
formation process of pPAN modified by a chromium (III) oxide molecule within the framework of the density 
functional theory. Within the framework of this aim, the main objective of the study for obtaining highly efficient gas 
sensors was to study the adsorption properties of electrically conductive pyrolyzed polyacrylonitrile modified with 
chromium (III) oxide. 

Materials and Methods. Calculation of thermodynamic parameters of the process of interaction of pollutant gases 
with Cr-pPAN was carried out using a semi-empirical method within the framework of the MOPAC program. 

In the framework of the MM2 method, the energetically advantageous configurations of the initial compounds — 
chromium (III) oxide in the pPAN matrix, the unmodified pPAN model were obtained. The adsorption complexes (AC) 
"Cr-pPAN -— gas-pollutant" were modeled and the interaction energies were calculated (Fig. 1). Then, in order to predict 
the adsorption of gases-pollutants (H2S8, NH3, CHs, CO2, NOz, SO2, O3, CO, Clz) on the Cr-pPAN surface, 
thermodynamic parameters of the process were calculated by the semi-empirical PM7 method in the MOPAC program. 
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When implementing the calculations, the initial structures and models of the "Cr-pPAN — gas-pollutant" adsorption 
complexes were subjected to preliminary optimization by the method of coordinate descent. At this stage of modeling, 
the distances from the extreme atom of the adsorbate molecule to the nearest atom of the adsorbent, the modified and/or 
unmodified pPAN surface, were estimated. 

The PM7 method was used to evaluate the spontaneity of interaction and the efficiency of adsorption of pollutant 
gases on the surface of unmodified pPAN and on the modified surface of Cr-pPAN. 

At each stage we calculated the thermodynamic parameters (AH, AS, AG) of the processes at a temperature of 298K 


according to the following formulas: 


AF sesorotion = AA ae — (AH, gas t AF srtace ) 
AS sisson = AS nec — (AS gas + ASyucace) 
AG = AH aTKS 


adsorbtion adsorbtion adsorbtion 


To construct interaction schemes, charge (ga, au), spatial (r, A) characteristics and the amount of charge transfer 


(Aq, au) in model adsorption complexes were calculated. 


Results. The Cr-pPAN cluster model obtained using the MM2 and PM7 methods is represented by a pPAN matrix 
with a chromium (IID) oxide molecule embedded in the interplanar spacing (Fig. 1). The distance between interacting 
atoms inside the cavity was fixed at the level of 2.0-3.0 A 


Fig. 1. A model of pPAN cluster modified by a chromium (III) oxide molecule 


For example, below is a diagram of the hydrogen sulfide adsorption process: 
Cr203(PAN)2 + H2aS => [Cr203(PAN)2...H2S] 
Similarly, adsorption schemes for other polluting gases were formed. Figure 2 shows a model using an example of 


the "Cr-pPAN — SO2" adsorption complex. 
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Fig. 2. Model of the "Cr-pPAN — SO2" adsorption complex 
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Table | provides the calculated thermodynamic parameters of the processes of adsorption of polluting gases on the 


modified surface, in comparison with the data on the adsorption of these gases on the unmodified pPAN surface. 


Table 1 
Thermodynamic parameters of the processes of adsorption of polluting gases 
Interaction model Pee 
AH, J/mol AS, J/(mol:K) AG, J/mol 
HS ..-PPAN Cr. pEAN 29.947 -413.888 93.392 
NH3...pPAN..CroO3. pPAN 18.258 ~295.817 69.896 
CH4...pPAN..CrOs..pPAN ~15.134 ~264.146 63.581 
CO2-:-pRAN. ClO: pPAN 8.317 ~232.773 61.050 
NOse DEAN COs DEAN ~7.354 ~232.601 61.961 
SO2...PPAN..Cr03, pPAN ~2.291 ~208.585 59.868 
Os, PRAN.Cra0s,pEAN 17.887 ~222.424 48.395 
CO...pPAN..Cr203. pPAN 41.647 412.237 81.200 
Cl...pPAN..Cr203. pPAN 17.176 ~217.306 47.580 
HS uPEAN pPAN -1.215 ~146.581 42.466 
NH3...pPAN_ pPAN 4.416 160.438 43.394 
CHs...pPAN.. pPAN 3.197 161.675 44.982 
COz...pPAN..pPAN 9.472 150.947 42.510 
NOz...pPAN.. pPAN ~0.759 176.267 51.768 
SO2...pPAN. pPAN 2.393 ~181.495 51.693 
O3...pPAN. pPAN 2.914 ~280.125 80.563 
CO...pPAN. pPAN ~2.192 ~160.186 45.543 
Cl2...pPAN..pPAN 0.341 ~153.047 45.949 
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In the adsorption complex "Cr-pPAN —-pollutant gas", the internuclear distance from the extreme atom of the 
molecule of the studied pollutant gas to the nearest atom on the modified and unmodified pPAN surface was fixed at a 
level of more than 2.5 A. These results are in good agreement with those obtained earlier [17] and confirm the presence 
of Van der Waals interaction occurring in the adsorption complex. 

The charge change and electron density redistribution were not observed during the adsorption of pollutant gases on 
the unmodified pPAN surface (AH at the level of —3.0 kJ/mol). 

It was established that the adsorption of SO2 and NO2 was equally possible both on the modified pPAN surface and 
on the unmodified pPAN surface, since as a result of the adsorption of these gases, there were no significant changes in 
the electron density on the surface of Cr-pPAN. 

From the presented list of polluting gases, only CO gas shows off-scale results for the modified surface. In the 
process of adsorption, not only the maximum convergence between interacting atoms was carried out, but also an 
increase in the charge transfer index (Aq) from 0.3 au for an unmodified surface to 1.2 au for a modified surface. 

Discussion and Conclusion. The calculated thermodynamic parameters of the system for standard environmental 
conditions, presented in Table 1, show that the adsorption of gases cannot be attributed to a spontaneous and self- 
existing process (AG>0). The general orderliness of the system established during the study of the adsorption 
processes of polluting gases demonstrates that adsorption is effective at high temperatures. 

An increase in the charge in Cr-pPAN and a redistribution of electron density are most effective in the adsorption of 
polluting gases saturated with hydrogen atoms, namely, H2S, NH3, CH,. 

The occurrence of Van der Waals interaction between gases and the surface of Cr-pPAN has been confirmed during 
the adsorption of polluting gases on the surface of Cr-pPAN. This is justified by the absence of changes in the electron 
density at the Cr-pPAN polarity during interaction with polluting gases, as well as by the internuclear distance from the 
extreme atom of the molecule of the studied contaminant gas to the nearest atom of the modified and unmodified pPAN 
surface exceeding 2.5 A. 

In addition, the study showed that the introduction of chromium (III) oxide into the pPAN matrix contributed to an 
increase in the charge on nitrogen atoms (before/after: -0.366 au charge /—0.383 au charge). This led to a redistribution 
of electron density on carbon atoms in cycles (in the ortho position before/after: 0.357/0.428 au charge; in the meta 
position before/after: —0.159/-0.232 au charge). 

Due to the fact that when chromium (III) oxide is introduced into the pPAN matrix, the charge on nitrogen atoms 
increases, it can be concluded that the chromium (III) oxide molecule has a positive effect on the semiconductor 
properties of pPAN. 

Based on the calculations performed, it is confirmed that the adsorption of polluting gases (SO2 and NOz2) is most 
likely on the surfaces of pPAN and Cr-pPAN. 

Thus, the theoretical studies carried out allow us to conclude that the modification of pPAN with chromium (IID 
oxide molecules makes it possible to obtain a promising electrically conductive material with the property of selective 


adsorption of polluting gases, which can subsequently be successfully used in gas electronics. 
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Abstract 

Introduction. At present, in scientific publications, there is no unambiguous understanding and reasoned metal physical 
justification of the role of the carbide phase of irradiated materials in forming the required structure and achieving a 
given degree of hardening of surface layers of steels during pulsed laser treatment, especially in the zone of laser 
hardening from a solid (austenitic) state. The solution to this issue is of great importance, since it allows us to 
reasonably and purposefully design the required structure of surface layers of products of various functional purposes 
with high performance properties. The complexity and insufficiently detailed study of the process of structure formation 
in the surface layers of steels under extreme thermal effects of pulsed laser radiation required a series of metal physical 
experiments to study the fine structure of steels after high-speed high-temperature hardening. The aim of this article was 
to obtain, quantify and critically analyze the array of results of metal physical studies and to assess the degree of 


influence of the carbide phase on the formation of structure and properties of surface layers of steels in the process of 
pulsed laser hardening in different modes, that is, with and without melting the surface of the samples. 

Materials and Methods. In the work, carbon and alloyed tool steels were subjected to surface laser irradiation at a 
Kvant 16 installation. The radiation power density was 70-200 MW/m?. Optical, scanning probe and electron 
microscopy were used in conducting metal physical studies, as well as methods of diffractometric, spectral and 
durometric analysis of steels before and after laser treatment. 

Results. It was shown that laser treatment of steels with a radiation power density of 130-200 MW/m? led to a local 
change in the chemical composition in the laser-fused areas of the spot, partial or complete dissolution of carbides 
present in the irradiated metal and an increase in the amount of residual austenite in the fused areas up to 40-60%. It 
was found that on P6MS steel, the maximum possible hardness of the irradiated zones was achieved by dissolving 30% 
of carbides, on 9XC, HVG steels — 60-70%. It was shown that under pulsed laser irradiation with q=70-125 MW/m’, 
that is, without melting the steel surface, "white zones" formed around carbide inclusions under the influence of thermo- 
deformation stresses at the boundaries of the "carbide — steel matrix" composition. They had irretrievability, dispersion 
of the structure and increased hardness (10-12 GPa). It was determined that the maximum hardness of laser-hardened 
metal in the zones of laser hardening from a solid state was achieved if the "white zones" occupied 40% of the 
irradiated area of steel. It was found that the dispersion of carbides in this case was 0.5—1.5 microns. 

Discussion and Conclusion. The results of the conducted studies indicate that in order to obtain the best combination of 
hardness and viscosity of the irradiated zones during laser treatment with melting of the surface of steels of different 
chemical composition, it is necessary to dissolve different amounts of carbides. The dispersed structure of laser-fused 
steel zones, along with a sufficiently high content of residual austenite, predetermine the possibility of improving the 
operational characteristics of irradiated materials, especially under conditions of external shock loads. 

The analysis of the conducted metal physical studies irradiated without melting the surface of steels allows us to 
conclude that in order to obtain a high degree of hardening, it is necessary and expedient to ensure the presence of a 
certain volume of dispersed carbides in the structure of the irradiated steel. The structural composition of "white zones" 
formed during laser treatment without melting the steel surface contributes to obtaining a unique level of operational 
properties. 
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The results of the performed studies contribute to the theory of steel structure formation under conditions of extreme 
heat exposure and allow for a rational choice of modes of surface laser processing of products and their operability. 
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AnnoTayna 

Beedenue. B coppeMeHHbIX Hay4HbIx MyOIMKalMAX He CYLIECTByeT OJHO3HAYHOrO CyKCHHA HW apryMeHTHpOBaHHOrO 
MeTasIopu3sH4eckoro OOOCHOBaHHA pouH KapOUAHOM :a3bl OOMyYaeMBIX MaTepvaloB B (OpMHpoBaHHU Tpedyemoli 
CTPYKTYPpbI H JOCTWKEHHH 3aaHHOM CTeMeHH YIpOUHeHHA MOBeEPXHOCTHBIX COeB CTalel Mp MMIMYyJIbCHOM JIa3epHor 


oOpadoTke, OcobeHHO, B 30HE JIa3epHOM 3aKasIKM M3 TBepAoro (aycTeHHTHOTO) cocTosHuA. PewieHue 3TOrO BOTIpoca 
wMeeT OoubUIOe 3HaYeHHe, TaK KaK MHO3BOJIAeT OOOCHOBaHHO HM LWesleHalpaBsIeHHO KOHCTpyupoBaTb Tpebyemyro 
CTpyKTypy MOBepXHOCTHBIX CJI0eB H3AeIMM pasHoro (yHKUMOHAIbHOTO Ha3HadeHHA C BbICOKUMH 3KCIIyaTaljMOHHbIMU 
CBOMCTBaMH. CyIOXKHOCTb WM HeOCTaTOUHO MOApOOHad W3yYeHHOCTb Mpolecca cTpykTypooOpa30BaHuA B 
MOBEPXHOCTHBIX CJIOAX CTasIeH IPH IKCTPeMaJIbHOM TEeIJIOBOM BO3ZeHCTBHH MMIIyJIbCHOrO Jla3epHOro M3IyueHHA 
HOTpeOoBasIH MpOBeAeCHHA CepuM MeTaJIOPU3H4eCKHX IKCIEPHMECHTOB 0 H3YYCHHIO TOHKOFO CTpOeHHA CTasel Mocie 
CKOpOCTHOH BbICOKOTeMMepaTypHoH 3akasIkH. Llenb1o WaHHOM CTaTbH ABWIOCb MOyYeHHe, KONMYeECTBEHHAaA OWeHKa UH 
KPHTHYeCKHH aHasIM3 MaCCHBa pe3yJIbTaTOB MeTaJIIOMU3H4eCKHX MCCIeqOBaHuM WM OWeHKa cTeMeHH BIMAHHA 
KapOuqHor c:ba3bI Ha (OPMUpoOBaHHe CTPYKTYpbI HM CBOMCTB MOBEPXHOCTHBIX COeB CTael B Mpowecce HMIyJIbCHOM 
Jla3epHOH 3aKaJIKM Ha pa3HbIX PexKUMAaX, TO CCTb C OMIAaBJICHHeM H 6e3 OMIaBICHHA MOBeEpXHOCTH OOpa3lloB. 
Mamepuaavi u memoovi. B padote nopepxHocTHomy Jla3epHOMy oOsly4eHHIo Ha ycTaHoBKe «KBanT 16» no_Beprasuch 
yrulepOucTble WM JIeTHpOBaHHble WHCTpyMeHTabHble cTamM. IlM0THOCTb MOLIHOCTH M3yYeHHA cocTaBsaa 70- 
200 MBr/m*. IIpn nposenenun metamiodu3suyeckux McceqOBaHMi UCHOb30BaIMCh ONTHueCKas, cKaHupyroulad 
30HJOBaI HM 3JICEKTPOHHaA MUMKPOCKOMHA; MeTOAbI AM(pakKTOMeTPHYeCKOTO, CMeKTpasIbHOrO HW AIopoMeTpHyeckoro 
aHasIv3a CTaJIeH JO MW Nocde Wa3epHol OOpadooTKu. 

Pe3yivmamoti uccnedosanua. loKxa3aHo, ATO sa3epHad OOpadoTKa CTasel C MOTHOCTbIO MOWIHOCTH H3y4eHHA 130— 
200 MBr/m* npuBoquna K TOKaIbHOMy U3MeHeHWIO XMMMYeCKOrO cocTaBa B Jla3ePpHO-OMaBeHHBIX 30HaX MATHA, 
YacTHYHOMY WIM MOJHOMY paCTBOpeHMiO MpHcyTCTBYIOWMxX B OOyYaeMOM MeTaJIIe KapOHAOB HM K yBeJIMYeCHHIO 
KOJIMYeCTBA OCTATOUHOFO ayCTeHHTa B OMWaBICHHBIX 30Hax oO 40-60%. YctaHopleHo, 4uTo Ha ctamM P6MS5 
MaKCHMaJIbHO BO3MO2%KHAA TBEPAOCTh OOMYYCHHBIX 30H JOCTHTaacb pH pacTBopeHuu 30% KapOuyoB, Ha CTasAx 
9XC, XBI — 60-70 %. Tloxa3aHo, 4ro pH MMIyIBCHOM Ja3epHOM OOsyyeHHU c q=70—-125 MBr/m?’, To ects 6e3 
OMaBIeHHA MOBCPXHOCTH CTaIM, BOKPyr BKJIOYCHHH KapOuoB MOA elicTBHeM TepMo-JecdopMallHOHHBIX 
HallpwKeHH Ha TpaHHwax KOMMO3HUMH «KapOvy—cCTaibHad MaTpulla» copMupoBaMch «OebIe 30HbD>. OHH 
oOalasIH HeTpaBHMOCTbIO, JMCIepCHOCTbIO CTPpOeCHHA M MOBbILICHHOM TBepgocTHIO (10-12 Ta). Onpeyeneno, auto 
MaKCHMaJIbHad TBEPAOCTb J1a3epHO-3aKasICHHOTO MeTaJWIa B 30HAX Jla3epHOM 3aKaIKH M3 TBepyOro COCTOAHHA 
WocTuramacb B cJly¥ae, ecu «OerbIe 30HbD> 3aHHMasIM 40% oOsyyeHHOH oOmacTH cTamu. YcTaHOBJIeHO, 4TO 
TMCIepCcHOCTb KapOuOB B 9TOM CiIy4ae CoctaBiasa 0,5—1,5 MKM. 

Oocyocdenue u 3akniouenue. Pe3yibTaTbl WpOBeeCHHbIX UCCIeOBAHH CBUACTeCIBCTBYIOT O TOM, YTO WIA NowyIeHHA 
Hawlyuuiero COuUeTaHHA TBeEPOCTH UM BA3KOCTH OOYYCHHEIX 30H TIpH sa3epHOM OOpadoTKe c omsmaBleHHeM 
TIOBEPXHOCTH cTaslei pa3HOrO XHMMMYeCKOrTO cCOCTaBa HeOOXOAHMO paCTBOPHTb pa3HOe KOJIMYeECTBO KapOuOB. 
JlucniepcHoe cTpoeHue s1a3epHO-OMaBJICHHBIX 30H CTAaJIM, HapsAy C JOCTaTOUHO OObIHM COAepKaHHeM OCTATOUHOTO 
ayCTeHHTa, [IIpeXOMpesesAIOT BO3MO%KHOCTb OBbINICHHA 9KCIVIyaTalMOHHbIX XapakTepHCTHK OOJIY4eHHBIX 
MaTepHasioB, OCOOeHHO B YCIOBHAX JeHCTBUA BHELIHHX yapHbIxX Harpy30K. 
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AuHalIv3 UPOBeeCHHBIX MeTaWIOPu3H4ecKHX HMCCIeAOBAHHH, OOJYYeHHBIX 6e3 OMIaBIeCHHA MOBepXHOCTH cTalei, 
MO3BOIMJ CieaTb BbIBOL, 4YTO WIA MOUYYeHHA BbICOKOM CTeMeHH yMpouHeHHA HeOOxoAHMMO HU LWeecoobpa3Ho 
oOecHe4uHTb MIpucyTCTBHe B CTpyKType oOsy4aemoi cTamM onpesereHHoro oObemMa AMCHepcHbIx kKapOnyOB. 
@Mopmupyroulasca pH Wa3sepHoH OOpadoTKe 6e3 OMMABIICHHA MOBEPXHOCTH CTaIM CTpyKTypHad KOMNO3HIHA «OesbIX 
30H) CHOCOOCTBYeT IIOJIYYCHHIO YHUKAJIbHOTO YPOBHA IKCIIyaTaLMOHHBIX CBOMCTB. 

Pe3yiIbTaTbI BbIMOJIHCHHbIX MCCHeOBaHHit BHOCAT BKIa, B TeOPHIO CTpyKTypooOpa30BaHHA cTaseii B yCIOBHAX 
SKCTpeMaJIbBHOTO TeMIOBOTO BO3CHCTBHA, a TaKxK€ MO3BOJIAIOT OCYLICCTBIATh pal{MOHaJIbHbI BbIOOp pexKHMOB 
MOBEPXHOCTHOH Ja3zepHOH OOpaooTKU U34eIMH U rTapaHTHpOBaHHO OOecHeyMBaTb HX paOOTOCHOCOOHOCTE. 


Ksrouesble c10Ba: KapOubI B CTaJIM, JlazepHoe OOyYeHHe, CTpyKTypa, CBOlicTBa 


BaarojapHocrn. ABTODBI BbIpaxKaroT OlarowqapHOcTh peleH3eHTaM, 4bA KPHTHYCCKad OWCHKa pe ACTaBJICHHbIX MaTe- 
pHaJIOB HW BbICKa3aHHble UpeAIOKCHHA WO UX YCOBeCpIICHCTBOBaHHtO cmocoOcTBOBaIH 3HAYHTCJIBHOMY TOBbINICHHIO 
KaudecTBa HacTosilei CTaTbH. 


Aaa uuTupoBanua. bposep I.11., Wepoakosa E.E. Poms kapOuyos B POpMMpoBaHHH CTPyKTypbl U CBOMCTB CTaseH 
TIpH MMITyJIbCHOM JIa3epHOM OOmy4eHHH. BesonacHocmb mexnozeHHoix u npupodneix cucmem. 2023;7(4):106-118. 
https://doi.org/10.23947/2541-9129-2023-7-4-106-118 


Introduction. During pulsed laser irradiation, the surface layers of the material are subjected to a powerful thermal 
"shock". Under these conditions, high temperature gradients, concentrations, as well as stress fields appear — thermal, 
phase, etc. The dissipation of energy acquired by the material can be as follows: partial dissipation of external energy by 
the dislocation mechanism by local plastic deformation; the dissipation of elastic energy by the mechanism of mass 
transfer due to the movement of carbon atoms and alloying elements from carbides into solid solutions in contact with 
them to defects in the crystal structure, etc. [1-4]. It should be noted that mass transfer, which leads to a local change in 
the chemical composition of laser-irradiated steel zones, plays a particularly important role in the process of structure 
formation of multiphase steels and alloys containing a significant volume of the carbide phase. The dissolution of 
carbides, even partial, affects the structure and properties of the surface layers of steels and products in general [5-8]. 

With high-speed laser processing, that is, in conditions of time scarcity, the effects of carbide dissolution and 
accelerated mass transfer can be observed only in laser-fused metal zones, at their borders with the initial steel, in thin 
areas around carbides [9-12]. Emerging microparts with changed chemical composition, structure and properties are of 
great practical importance, but have not been studied enough. This limits the possibilities for creating a material with a 
given structure and increased performance in the surface layers of the alloy. Thus, the aim of this study was to 
determine the influence of the carbide phase on the formation of structure and properties of the surface layers of steels 
during pulsed laser hardening in different modes, that is, with and without melting the surface of the samples. 

Materials and Methods. The analysis of structure formation processes under conditions of high-speed laser heating 
was carried out on samples of steels U8 (GOST 1435 99), R6M5 (GOST 19265—73), R18 (GOST 19265-—73) and others 
subjected to preliminary volumetric quenching for a martensitic structure and tempering. 

Optical, scanning probe and electron microscopy were used in conducting metal physical studies as well as methods 
of diffractometric, spectral and durometric analysis of steels before and after laser treatment. Pulsed laser irradiation 
was carried out at a Kvant-16 installation (Russia). Changes in the radiation energy, the degree of beam defocusing (3-6 
mm), and the duration of the radiation pulse (1-6) 107s allowed varying the radiation power density in a wide 
range (70-200 MW/m7?). Metallographic studies were carried out on transverse and longitudinal sections on 
microscopes MIM-7 (Russia) and Neophot-21 (Germany). Studies of fine structure of steels, as well as the 
determination of chemical composition of the studied zones of irradiated materials were carried out on scanning 
electron microscopes Hitachi TM-1000 (Japan) and Mira3 (Czech Republic). A diffractometer DRON-0.5 (Russia) was 
used for X-ray diffraction analysis. Microhardness measurements were carried out on a PMT-3 device (Russia) with a 
load of 0.49 N. 

Results. Metal physical studies showed that the irradiated zones on steels had a heterogeneous structure in the depth 
of the hardened layer. As it can be seen in Figure 1 a, when processing with a radiation power density q=130-— 
200 MW/m?, a melted quenching zone from the liquid state (1 — LS zone) and a quenching zone from the solid state 
(2 — SS zone) were observed. 
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a 


Fig. 1. Microstructure of irradiated steel R6M5: a — 1 —LS zone, 
2 — SS zone; 3 — initial steel (<200); 
b — convective process in the steel melting zone (interference microscopy) (<300) 


Further, the features of formation of structure and properties in both zones of the irradiated spot were considered and 
described, taking into account the influence of the carbide phase in the steels on these processes. 

The LS zone features were its incorrigibility in conventional reagents, the dispersion of the structure and high 
hardness (8-10 GPa), as well as a noticeable decrease in the volume of the initial carbide phase, even when using 
optical microscopy. Despite the short exposure time of the laser pulse (107 s), this was facilitated by the high heating 
temperature and convective mixing of a thin layer of liquid metal caused by the action of thermostrictive 
stresses (Fig. 1 b). The partial or complete dissolution of carbides was evidenced by the results of studies on a scanning 
probe microscope (SPM) (Fig. 2), which clearly demonstrated that the dissolution of carbides smoothed the surface 
relief near carbides due to the mass transfer of their components into the surrounding steel matrix. 


a) b) 
Fig. 2. Structure of surface layers on R6MS steel: 
a — before laser reflow (SPM); b — after laser reflow (SPM) 


Confirmation of the possibility of partial dissolution of carbides during high-speed laser quenching with melting of 
the surface of R6MS steel was also the results of X-ray diffraction analysis shown in Figure 3. 
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Fig. 3. Phase composition of R6MS steel before (c. 1) and after (c. 2) laser treatment with surface melting 


As it can be seen, laser reflow of the steel surface led to a decrease in the height of the carbide phase reflexes (K). 
Their intensity varied from I=143.24 s" in the initial steel (Fig. 3, c. 1) to I=65.38 s"! in the LS zone (Fig. 3, c. 2). It can 
be concluded that the volume fraction of carbides in the LS zone decreased. The angle of the carbides on the radiograph 
also changed. In the fused zone, carbide reflexes were fixed at angles 2Q=54.1839 compared to 2Q=54.1219 before 
laser treatment, that is, they shifted to large reflection angles. These results, as well as an increase in the physical 
expansion of the carbide phase reflexes from 0.6392 mrad for the starting metal to 0.9000 mrad for the LS zone, 
indicated a change in the stoichiometric composition of carbides, their partial dissolution and an increase in the density 
of defects of the crystalline structure. 

As it can be seen in Figure 3, curve 2, austenite reflexes were also observed on the diffractogram, and martensite 
reflexes were shifted to smaller reflection angles. This was a consequence of the appearance of areas with high 
saturation of carbon atoms and alloying elements, and also indicated a high dispersion of the fine structure of the phases 
of the irradiated metal. 

Figure 4 shows the results of determining the local chemical composition of the laser treatment zone of R6MS steel 
with surface melting. 
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b) 
Fig. 4. Results of spectral chemical analysis of R6MS5 steel samples: 
a — in the initial state; b — after laser quenching 


As a result of changes in the chemical composition, the points of martensitic transformation in the LS zones 
decreased and a significant amount (40-60%) [13] of residual austenite, characterized by a dispersed structure, 


remained in them [14-16]. 
This had a positive effect on the operational properties of irradiated products, especially when exposed to external 


shock loads. 
Figure 5 provides the results of a quantitative assessment of the effect of the volume of dissolved carbides on the 


degree of hardening of the surface layers of metal obtained during durometric studies of steels irradiated in different 


modes. 
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Fig. 5. The effect of the volume of dissolved carbides on the microhardness of irradiated steels 


Considering the influence of the carbide phase on the structure of the SS zone, it was necessary to take into account 
some features of the process of pulsed laser irradiation of materials. They were caused by the appearance of 
thermostrictive stresses in the irradiated steel zones, the relaxation of which led to local plastic deformation, an increase 
in density of defects in crystal structure, dynamic return, polygonization and early stages of recrystallization [17, 18]. 
There was also dispersion of the structure, acceleration of mass transfer of the atoms of the elements and hardening of 
the metal in the SS zones. Figure 6 provides visual consequences of the influence of local plastic deformation on the 
structure of polished 12X18H9 steel samples after laser treatment. The traces of deformation in the form of a line or slip 


bands were clearly visible. 
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a) b) 


Fig. 6. Deformation twins after laser treatment of 12X18N9 steel: 
a — optical microscopy (500); 6 — scanning electron microscopy (<10,000) 


Figure 7 shows a reconstruction diagram of such characteristic structural features of polygonization and 
recrystallization processes in laser treatment zones as the formation of a developed substructure, grain refining, grain 
formation around inclusions, etc. 


Fig. 7. Diagram of structural features of polygonization (1) 
and recrystallization (2) processes in laser irradiation zones 


As shown by metal physical studies, the solid state laser quenching zone (SS zone) had a dispersed, poorly etched 
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Fig. 8. Microstructure on irradiated R6MS steel: 
a — profilogram of the transition zone from the source metal to the SS zone; b — profilogram obtained in the Gwyddion program; 
c — histogram of the distribution of heights of the surface profile in the base metal; d — histogram of the distribution of heights of 
the surface profile in the SS zone 


Figure 8 shows the results of the studies of microstructure of irradiated R6M5 steel on a scanning electron 
microscope. 

As it can be seen, carbides were not etched in the SS zone, the surface profilogram was more even than in the base metal 
(Fig. 8 b) and there were no sharp fluctuations in properties at the boundaries in the compositions "carbide — steel matrix". 

To confirm the formation of light non-etching shells with an ultradisperse structure ("white zones") around the 
inclusions of carbides, metallographic studies of the surface of the irradiated without melting zones of R6MS steel were 
carried out (Fig. 9). 


Fig. 9. Boundary dissolution of carbides in irradiated areas of R6MS steel without melting: 
a — metallographic microscope (*800); b — electron microscope (x10000) 


Studies of the structure of the "White zone" using a scanning probe microscope (SPM) and atomic force 
microscope (AFM) (Fig. 10 a, c) showed that martensitic crystals had the form of thin slats 4-7 nm thick and ~150 nm 
long [19] (Fig. 10 5) 
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¢) 


Fig. 10. Microstructure of martensite of laser-quenched R6MS steel: 
a — Hitachi TM-1000 SPM; 6 — distribution of heights of the profile of martensite needles; 
c — AFM — image of the structure of the "white zone" 


In order to expand knowledge about the fine structure and properties of the SS zone, scratch tests were conducted on 
a Nanotest installation. A friction probe equipped with a load cell was used, which made it possible to determine the 
friction force between the indenter and the sample under the influence of gravity of the calibration weights. 

Discussion and Conclusion. The listed features of structural state of the melted zone can be associated with the 
course of dynamic high-temperature plastic deformation during high-speed laser processing. This contributes to the 
fragmentation of dendritic structure of the irradiated steel zones, accelerates the processes of mass transfer. 
Confirmation of the above is the result of determining the local chemical composition of the laser treatment zone of 
ROMS steel with surface melting. As it can be seen in Figure 4 b, due to the dissolution of carbides, the general 
background of the intensity of reflexes of alloying elements increased in comparison with the original (Fig. 4 a) metal. 

Based on the results of durometric studies of steels irradiated in different modes shown in Figure 5, it can be 
concluded that in order to obtain the maximum possible hardness during R6MS steel laser treatment, it is sufficient to 
dissolve 30%, and for 9XC, KhVG steels — 60-70% of the initial carbides. The decrease in the hardness of the 
irradiated zones with an increase in the volume of dissolved carbides was probably due to an increase in the amount of 
residual austenite under these conditions. 

It should be noted that during the operation of irradiated products under the influence of thermo-deformation loads, 
the decrease in hardness observed in Figure 5 compensated for the large amount of solid dispersed inclusions of 
hardening carbides released from austenite [20]. 

The analysis of the results of scanning microscopy of the metal surface showed that in the SS zone the profilogram 
was more even than in the base metal (Fig. 8 b) and there were no sharp fluctuations in properties at the boundaries in 
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the compositions "carbide — steel matrix". This indicates the formation of transitional micro-regions with a changed 
chemical composition at the borders. As it can be seen in Figure 8 c, d, the metal in the SS zone was located higher 
above the plane of the metallographic section. The height of the surface profile on the initial steel was 5.0 nm, and for 
the laser-hardened zone — 5.8 nm. 

The results obtained indicate that the metal regions in the SS zone were more solid and homogeneous, as well as 
possible partial dissolution of carbide inclusions, which began at the interface between them and the steel matrix. This 
was confirmed by the formation of light non-etching shells with an ultradisperse structure ("white zones") recorded 
during metallographic studies around the inclusions of carbides (Fig. 9 a), which was especially noticeable at high 
magnification (Fig. 9 b). The formation of such "white zones" during laser processing of steels with a radiation power 
density of 70-125 MV t/m? was facilitated by stresses of various kinds appearing at the boundaries of the "carbide — 
steel matrix" composition: thermostrictive, stresses due to different thermophysical coefficients in the composition, etc. 

Microhardness of these sites was 10-12 GPa. The obtained hardness values corresponded to the hardness of the 
martensite of alloy steels. It can be concluded that the non-etching edge near the carbide particles was a laser-quenched 
martensite. 

The complex structural picture that was formed around inclusions as a result of stress relaxation was proposed to be 
described as follows. First of all, due to contact melting, a thin shell of liquid metal was formed in the immediate 
vicinity of the boundaries of carbides, through which carbon atoms and alloying elements from carbides moved to 
nearby solid solutions of the irradiated spot. After crystallization, a superhard amorphous-like structure may appear 
around the carbides. In the rest of the part of "White zones", «© — y transformation during heating under extreme 
temperature and force conditions was carried out by shear mechanism. This led to plastic deformation and dynamic 
polygonization of austenite with the formation of a fragmented substructure. In the process of high-speed hardening in 
the austenitic edge, ya transformation occurred with the inheritance of the fragmented structure of austenite by 
martensite. 

The results of metallographic and durometric studies showed that the maximum hardness of laser-hardened metal in 
the SS zones was achieved if the "white zones" occupied 40% of the irradiated area of steel. The dispersion of carbides 
should be 0.5—1.5 microns. 

It was established that when the indenter scratched the base metal of R6MS steel, friction force fluctuations were 
observed caused by the movement of the indenter through an inhomogeneous structure consisting of phases with 
different hardness. There were no significant friction force fluctuations in the SS zone of the laser-irradiated metal. It 
can be concluded that the SS zone was relatively homogeneous in structure and hardness, and its hardness was much 
higher than the hardness of the base metal. This was evidenced by the values of the friction force of about 17 MN in 
comparison with 11 MN for the base metal. 

The analysis of the conducted metal physical studies indicates that laser treatment with a radiation power density of 
130-200 MW/m’, that is, with the melting of the surface of steels of different chemical composition, obtained the best 
combination of hardness and viscosity of the irradiated zones when dissolving different amounts of carbides. Due to the 
fixed dispersed structure of laser-fused steel zones, along with a sufficiently high content of residual austenite in them, 
it became possible to increase the operational characteristics of irradiated materials, especially under conditions of 
external shock loads. 

Metal physical studies of irradiated steels, with a radiation power density of 70-125 MW/m/?, that is, without 
melting the surface, allowed us to conclude that in order to obtain a high degree of hardening in this case, it is necessary 
and advisable to ensure the presence of a certain volume of dispersed carbides in the structure of the irradiated steel. 
The structural composition of the "white zones" formed during laser treatment without melting the steel surface 
contributed to obtaining a unique level of operational properties. 

The results of the research made a contribution to the theory of steel structure formation under conditions of extreme 
heat exposure, and also made it possible to make a rational choice of modes of surface laser processing of products of 


various functional purposes to ensure their operability. 
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Abstract 

Introduction. The pivot assembly provides connection between the rotating and non-rotating parts of machines and 
mechanisms such as cranes, excavators, trailers, railway rolling stocks. In relation to rolling stock, it connects the load- 
carrying part of the car with the bogie and is one of the most critical and wear-out friction units. Its technical condition 
affects the intensity and form of wear of the surfaces themselves, the amount of resistance to rotation of the bogie when 
the car moves in curved sections of the track, the amplitude of the lateral rocking of the car, the intensity of wear of the 
wheel flanges and, as a consequence, the safety of operation of the rolling stock as a whole. Until now, periodic grease 
is used for this unit, which, even with a short mileage, manages to be squeezed out of the contact zones and, thereby, 
creates conditions for the predominance of dry friction. Until now, various proposals to solve this problem have not 
found application in mass production for a number of reasons, and therefore the search for ways to reduce wear in the 
pivot assembly of cars is still relevant. This study proposes a solution to this problem that does not require structural 
changes to the pivot assembly itself. The aim of this work was to develop a technologically advanced anti-friction 
coating with good adhesion, which will be applied to the surface of a replaceable disk installed between the rubbing 
surfaces of the pivot assembly during scheduled repairs of the car chassis. This approach will reduce the friction force 
and wear rate in the unit when lubrication shortage occurs due to squeezing out of the grease. 

Materials and Methods. Antifriction characteristics of the developed coating was observed on a friction machine 
providing specific loads on the test sample up to 5000 N and a sliding speed from 0.13 m/s. The samples were examined 
by scanning electron microscopy (FEI Quanta 200 microscope). SEM images were acquired in a back-scattered electron 
(BSE) mode using a semiconductor detector. To analyze the elemental composition of beam samples, an energy 
dispersive spectrometer (EDAX Element EDS system) was used. 

Results. A three-layer functional phosphorus-containing composite coating of the surfaces of the unit was developed, 
which made it possible to significantly reduce the coefficient of friction and, as a consequence, the intensity of wear of 
the pivot unit surface during dry friction. The optimal conditions for obtaining composite coating layers were 
determined. The influence of the thickness of each layer and the conditions for its production on its functional 
characteristics was studied. 

Discussion and Conclusion. The proposed solution is manufacturable and, with appropriate adaptation, can be used to 
reduce wear in any open pivot assembly without radically changing its design. The methods for producing coating 
layers are accessible and technologically advanced for serial use. 


Keywords: rail rolling stock, pivot assembly, open friction assembly, composite multilayer coating, wear reduction 
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AnnoTalna 

Beedenue. ONOpHO-MOBOpOTHEIM y3e OOecie4MBaeT CBA3b M@%KTY MOBOPOTHOM M HEMOBOPOTHOM YacTbIO MalIMH 
M€XaHH3MOB KpaHOB, 9KCKaBaTOPOB, ABTOMPHIeCHOB, %KCe3HOMOPOXKHBIX MOABHKHBIX cocTaBoB. I[pHMeHHTeIbHO K 
TOABHKHOMY COCTaBY OH COeCMHACT Tpy30HeCyIy!o0 4YaCTb BarOHa C TeJIexKKOM HM ABIACTCA OHHM U3 HanOosee 
OTBETCTBCHHBIX H ObICTPOM3HAMIMBaIOWIMXcA y3I0B TpeHHA. Ero TexHM4ecKoOe COCTOAHHE BIMACT Ha MHTCHCHBHOCTb U 
(bopMy H3HOCa CaMHX HOBEPXHOCTel, BeJIMYMHY COMPOTHMBIICHHA MOBOPOTy TeIexKKH TPH ABMKeHHH BaroHa Ha 
KPHBOJIMHCHHBIX Y4acTKax MYTH, aMIIMTyAy OoKOBOM pacKayKH BaroHa, HHTCHCHBHOCTb M3HOCAa rpeOueli Kosec H, KaK 
cyleycCTBHe, Ha Oe30nacHOCTb 9KCIIyaTalyMH MOABYKHOrTO cocTaBa B wWesoM. JJo cHx Mop WIA WaHHoro y3ya 
IIPHMeHACTCA MepHOAMYeCKad KOHCHCTeHTHad CMa3Ka, KOTOpad WaxKe IPH HeOOMbIUIOM Mpobere ycneBaeT BbILaBUTbCA 
M3 30H KOHTaKTa HM TeM CaMBIM CO3JaTb yCNOBHA Aid WpeoOuaqanua cyxoro TpeHusa. Jo HacTosujero BpemMeHH 
pa3IM4HBble MpesIOKeHHA 0 pelieHHiO ITOM MpoOseMbI He HALIM MIpHMeHeHHA B CepHitHOM TIPOM3BOACTBe TIO pay 
IIpH4HH, HW MOSTOMY HOHCK HyTel CHWKeHHA H3HOCAa B OMOPHO-MOBOpOTHOM y3Jie BarOHOB JO CHX Op ABIAeTCA 
akTyaJIbHbIM. B aHHOM HCCuIeqOBaHHH MpefaraeTcaA pelieHwe 9TOM MpoONeMbI, He TpeOyroulee KOHCTPyKTHBHBIX 
W3MeHeEHHH caMoro ONOpHo-noBopoTHoro y3ua. Llembro yaHHol paOoTbl ABIAeTCA pa3paOoTKa TexHOJIOrM4HOrTO 
aHTH@PHKUMOHHOTO MOKPbITHA C XOpollei ayresueli, KoTOpoe OyyeT HaHeCeHO Ha IOBEPXHOCTb CMECHHOTO JIHcKa, 
yCTaHaBJIMBaeMOrO Me*KAyY TPYLIMMHCA MOBEPXHOCTAMH WIKBOPHEBOrO y3Jla BO BPCMA IVIAHOBbIX PCEMOHTOB XOJOBOM 
yacTH BaroHa. Takoli HOZXO MO3BOMT CHH3HTb CHJIy TpeHHA MH HHTCHCMBHOCTb W3HOCa B y3sIe Ip HacTyIWJIeHHu 
CMa304HOTO TOMOAAaHHA H3-3a BbIZaBIMBAaHHA KOHCHCTeEHTHOHM CMa3KH. 

Mamepuansi u memoovi. AntudppukuuoHHble XapakKTepHCTHKN pa3paOoTaHHOrO MOKPbITHA ONpeyeAach Ha MallMHe 
TpeHua, oOecneynBalolei Harpy3KH Ha McceyzyembI oOpazen Wo 5 000H u ckopoctu ckombxeHua oT 0,13 m/c. 
OOpa3llbI MCCeAOBaIHMCb Me€TOOM CKaHupylollei 9IeKTpOHHOM MUKpocKorMu (MuKpocKkon FEI Quanta 200). COM- 
vw300paxKeHHA TOUyYeHbI B pexKHMe perncTpall“H oOOpaTHO-paccesHHBIX 9eKTpoHOB(BSE) c MoMoLIbIO 
HOJTYMPOBOAHHKOBOLO AeTeKTopa. J[j11 aHasIH3a 9IIEMCHTHOTO COCTaBa OOpa3i{a HCHOMb3OBaJICA PCHTTCHOBCKHHM JHEpro- 
JICHIepCHOHHbIM cieKTpometp (EDAX Element EDS System). 

Pe3zyibmamoei ucciedosanua. Pa3padoTaHo TpexcloMHoe yHKUWMOHabHOe docdopcogxepxalyee KOMIO3HIMOHHOe 
MIOKpbITHe MOBepXHOCTel y3J1a, MO3BOJIAIOMIee CyLICCTBCEHHO CHH3HTb B HEM KOIPPUUMEHT TPeHHA U, Kak CJIeACTBHE, 
MHTCHCHBHOCTb H3HOCa WIKBOPHeBOrO y3Jla H3-3a CYxOrO TpeHHA. OnpeyeyeHbI ONTHMAJIbHbIe YCIOBMA NOMyYeHHA 
ciOeB KOMIO3HUMOHHOrTO MoKpbiTHa. V3yyeHo BAMAHHe TOJIMIMHbI KaxKQOTO cof MH ycOBuii ero HaHeceHua Ha 
(PYHKUMOHAJIBHbIe XapaKTepHCTHKH. 

O6écystcdenue u 3aKniouenue. I[peniiokeHHoe pellieHve OTIM4aeTCA TeEXHOJIOrMYHOCTLIO HM IPH COOTBeTCTBYIOUIel 
ayauTayHH MO%KeT OBIT HCHONb30BaHO JWI CHWKeHHA MHTCHCHBHOCTH H3HOCa B JIKOOOM OTKPbITOM ONOpHO- 
TIOBOPOTHOM y3Jle 6e3 KapAMHaJIbHOTO H3MeHeHHA ero KOHCTpyKUMH. Metogbl nosy4eHua COB MOKPbITHA JOCTYIMHBI 


TeXHOJIOTMUHBI AIA cepuHitHoro TIPHMCHeHHA. 


KoroueBbie cJI0Ba: PeJIBCOBBI MOJBMWKHOK COCTA@B, IIKBOpHeBOon y3eJl, OTKPBITHIi y3eJI TpeCHHA, KOMIIO3HIMOHHOC 
MHOTOCJIOMHOe TIOKPbITHE, CHWKCHHE H3HOCA 


Baarojapnoctn. ABTODBI BbIparxKatoT OnaroyapHocTb peqakKwHv WU penweH3eHTaM 3a BHUMAaTCJIbBHOe OTHOUICHHe K 


CTaTbe HW YKa3aHHble 3aMedaHHA, KOTOPbIe NO3BOJINJIN MOBbICHTb Ce KadeCTBO. 


Aaa uaTupopanna. Jlempanos A.A., WepoOaxos VW.H. Cawkenue v3Hoca BbICOKOHarpy2KeHHbIX y3JIOB TpaHCHOpTHBIX 
cpeyctTB. BesonacHocmb mexHozeHHblx u npupoodHnoix cucmem. 2023;23(4):119—-130. https://doi.org/10.23947/2541-9129- 
2023-7-4-119-130 
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Introduction. In railway transport, one of the most responsible and high-wearing friction units is the pivot assembly 
connecting the body to the bogie. A well-known problem of this unit is the squeezing out of lubricant from it, even with 
minor runs, followed by contact of surfaces in dry friction mode and the corresponding wear intensity [1]. 

Currently, planned restoration of worn-out pivot assemblies annually results in huge sums, even without taking into 
account losses from idle cars and the costs of their unscheduled repairs. If we take into account the fact that there are 
more than 1.3 million cars in circulation in our country, then the task of reducing friction and wear in this unit is urgent. 
This problem is sectoral on the scale of all industrially developed countries of the world [2]. To date, there are various 
approaches to solving this problem, which can be broadly divided into several principal groups. 

The first group includes methods based on changing the design of the unit in order to increase the diameter of the 
support surface and, as a result, reduce specific loads. The disadvantage of this approach is the exclusion of 
interchangeability of unit elements during mass repairs. The second group includes methods in which replaceable 
inserts made of various polymer wear-resistant materials are installed between the rubbing surfaces in the form of a 
round pocket with annular grooves at the bottom for the accumulation of grease. The presence of a replaceable element 
reduces the cost of repairing this unit. However, in severe operating conditions of the pivot assembly, polymer materials 
have a very short service life. The third group includes methods in which replaceable inserts made of high-strength 
steels, for example, manganese steel, are installed between the rubbing surfaces. However, this approach does not 
exclude the wear of the surface of the pivot assembly itself. After the inevitable squeezing out of viscous lubricant, wear 
intensity will be determined by the ratio of hardness of the contacting surfaces of the removable disk and the main unit. 
The fourth group of methods includes methods for improving heat treatment of contacting surfaces. 

Another solution to eliminate increased friction in the pivot unit is to install a less rigid disk with holes distributed 
over its entire surface between the rubbing surfaces. The perforation in the disc is filled with solid grease. The supply of 
lubricant to the friction surface in this case is adaptive and is determined by the intensity of wear on the surface of the 
replaceable disk (Fig. 1) [3]. 

Since squeezing out of viscous lubricant and periodic contact of surfaces in the dry friction mode in this unit is 
inevitable, it is proposed to increase the durability of this unit by reducing the intensity of wear by installing a 
replaceable disk with a durable and technologically advanced antifriction coating between the friction surfaces. With 
this approach, lack of lubrication during squeezing out of regular grease will have less effect on the intensity of wear 
and, as a result, prolong the durability of this unit [4—6]. 


Fig. 1. Pivot assembly of the rolling stock: 1 — replaceable disk; 2 — frame with a center plate 


Modification of surfaces with functional coatings is a well-proven method of increasing the wear resistance of 
components operating under difficult conditions — under high loads, absence or interruptions in the supply of lubricant 
to the friction zone, in aggressive abrasive media, etc. [7-13]. 
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In this study, the aim was to develop a coating that provides a low coefficient of friction on surfaces, as well as 
creating conditions for rigid dynamic contact of reliable adhesion with the material of the coated product. 

Materials and Methods. It was decided to solve this problem by developing a three-layer coating from a 
combination of several layers of a phosphorus-containing composite [14]. In order to comply with the specified 
requirements, the influence of the thickness of each layer and the conditions of its manufacture on its functional 
characteristics was studied. The coating was applied in layers. Chromium steel was chosen as the material for the base, 
i.e. the replaceable disc. 

The first layer to be applied consisted of a composite nickel-phosphorus compound modified with molybdenum 
disulfide. Its task was to ensure high adhesion to the substrate. This layer was obtained by chemical deposition. The 
subsequent layer was made on the basis of a phosphate binder [14, 15], the task of which was to ensure the binding of 
the first layer with the third and increase corrosion resistance due to the fact that the bogie pivot was an open friction 
unit. In order to reduce the cost and increase the manufacturability, the layer was obtained by several simple and 
technological methods (spraying, dipping and spreading), followed by a comparative assessment of its functional 
properties. The third layer, which provided antifriction properties, was also obtained by spraying and spreading, 
followed by a comparative assessment of its properties [14, 15]. 

The adhesion quality of the layer to the previous one was assessed by the results of the cross-cut test by an adhesion 
tester!. The thickness of each layer was measured by a combined-action thickness gauge. The antifriction parameters of 
the third layer were determined using an AI 5018 friction machine. The analysis of the surface of the layers was carried 
out by scanning electron microscopy on a FEI Quanta 200 microscope. SEM images were obtained in the backscattered 
electron (BSE) registration mode using a semiconductor detector. An X-ray energy dispersion spectrometer 
EDAX Element EDS System was used to analyze the elemental composition of the sample. 

Statistical processing of the results of the experimental studies was carried out by computer methods of processing 
the results of an engineering experiment. 

In the course of the research, the conditions influencing the final parameters of the resulting coating were 
determined. The following influence was investigated: 

— of the temperature of the solution on the thickness of the resulting coating; 

— of the thickness of the third layer on its adhesion to the previous one; 

— of the thickness of the third layer and the conditions for its production on the value of its friction coefficient. 

The first layer (nickel-phosphorus coating) was obtained by chemical deposition. To ensure the sedimentation 
stability of the modifiers present in the chemical precipitation solution, a PE-6110 magnetic mixer with a heating 
function was used. The deposition process of this layer took place under conditions of 90-92°C. The adhesion of the 
coating to the substrate was evaluated according to the standard procedure for such cases”. The second layer (phosphate 
coating), according to the idea, was applied by three different methods: dipping, spreading and spraying [14]. The third 
(antifriction) layer was obtained by several methods — spraying and spreading over a phosphate binder [15]. 

Since the layers of the resulting composite coating are not operable without heat treatment, the effect of the heat 
treatment modes of the layers on their final properties was investigated, followed by the selection of the optimal mode 
for each of them. 

After application to the first, the second layer was subjected to heat treatment at a temperature of 250 to 400°C for 
one hour. The heat treatment mode did not depend on the method of applying the second layer. It was selected 
experimentally taking into account the best indicators for the number of through pores to the base [11]. After applying 
the third layer to the second one, its heat treatment was carried out in the temperature range from 300 to 450°C for one 
hour. To study antifriction properties of the third layer, depending on the temperature of heat treatment, a model test of 
several samples obtained at different temperatures was carried out. 

The determination of friction characteristics of the third layer was carried out according to the "disk-pad" scheme. 
The coating was applied to the "pad" sample. The general view and coupling scheme of the samples are shown in 
Figure 2. 


' Paints and varnishes. Cross-cut test. ISO 2409:2020. https://www.iso.org/standard/76041 .html 
2 GOST 9.302-88. Unified system of corrosion and ageing protection. Metal and non-metal inorganic coatings. Control methods. URL: 
https://gostrf.com/normadata/1/4294850/4294850372.pdf (In Russ.). 
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When assigning the load for the model experiment, it was assumed that the most common type of rolling stock were 
high sided wagons of various modifications with an average load capacity of about 70 tons and a mass of 23 tons. 
Taking into account the fact that each support unit accounted for half of the total weight, and the diameter of the center 
pivot and the diameter of the pin hole were 302 and 54 mm, respectively, the actual contact pressures were obtained, 
which amounted to 6.7 MPa. 

The speed of relative sliding of surfaces in the pivot assembly is determined by the radius of the curve and its 
current speed, set by the driver depending on the traffic conditions. Since in practice the sliding speed had small values, 
the minimum possible rotational speed of the shaft of the lower sample, 50 min™!, was adopted for a comparative study 


between the samples. 


45° 


a) 


Fig. 2. Samples of "disk-pad": a — general view; b — coupling scheme 


Results. During the study, it was found that the first layer was best obtained by using chemical deposition at a rate 
of up to 40 microns/h. A significant influence on the thickness and quality of the resulting coating was by the 
temperature of the solution and the concentration of the components. Based on the obtained adhesion measurement 
results, it was found that the heat treatment of the first layer was best at a temperature of 400°C for one hour. At this 
temperature, the Ni phase and wear-resistant Ni3P were formed [14, 15]. Micrographs of the layer are shown in 
Figure 3, the element analysis in Tables | and 2, and the distribution of elements in the first layer is shown in Figure 4. 


a) b) 
Fig. 3. Micrographs of the first layer: 


a — before heat treatment; b — after treatment for one hour at a temperature of 400°C 
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Elemental analysis of the first layer before heat treatment 


Element 


Weight % 


MDL 


Atomic % 


Error % 


CK 


8.3 


0.56 


28.5 


14.1 


OK 


0.6 


0.22 


1.6 


23:5 


PK 


9.3 


0.12 


12.5 


7.0 


Nik 


79.9 


0.41 


56.4 


2.2 


YK 


2.1 


0.22 


1.0 


10.7 


Elemental analysis of the first layer after heat treatment 
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Fig. 4. Distribution of elements in the first layer: 


Al) 


Rh 


a — before heat treatment; b — after treatment for one hour at a temperature of 400°C 


Table 1 


Table 2 
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Figure 5 shows a micrograph of the second layer, and Figure 6 shows the dependence of the change in the thickness 
of the second layer on the temperature of heat treatment and the method of coating. According to the test results, it was 
found that at a heat treatment temperature of 350°C for one hour, the lowest coefficient of friction for this coating was 
0.07. This was significantly less in comparison with the initial coefficient of friction of 0.10—0.12 during normal 
operation of the unit and up to 0.18 when the lubricant was squeezed out. Table 3 provides the data on the study of 
antifriction properties of the third layer, depending on the temperature of its heat treatment. The proposed coating 
provided a reduction in the coefficient of friction by almost half, compared with the original node, even with dry 


friction. 


Fig. 5. Micrographs of the second layer, x200 


Table 3 


Influence of the temperature of heat treatment of samples on their antifriction properties 


Coefficient of friction 


S, microns 


oN FBO Ww 


Hi Mo 3 
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Fig. 6. Change in thickness of the second layer obtained depending on the temperature of heat treatment and the method of coating: 
1 — spraying method; 2 — dipping method; 3 — spreading method 
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The dependence of the third layer thickness on the temperature and duration of heat treatment is shown in Figure 7. 
Figure 8 shows a micrograph, and Figure 9 shows an elemental analysis of the third layer obtained at a heat 


treatment temperature of 350°C for one hour. 
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Fig. 7. Change in the third layer thickness at different combinations of temperature and heat treatment time: 
1 — 60 min.; 2 — 120 min.; 3 — 180 min.; 
a — coating is obtained by spraying; b — coating is obtained by spreading 


Fig. 8. Micrographs of the third layer 
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When measuring the adhesion of the third layer, depending on its thickness (Fig. 10), it was found that the best 
values of the results were obtained with a coating thickness of no more than 20 microns, which was considered optimal. 
Based on the results of the obtained dependencies, a recommendation was formed to achieve optimal parameters of 


the last antifriction layer of the composite coating (Table 4) 


Table 4 


Values of optimal parameters for the antifriction layer 


Element Weight % MDL Atomic % Error % 
OK 35.7 0.23 60.3 10.6 
Ne K 0.3 0.13 0.5 24.1 
Mgk 1.3 0.10 1.5 10.2 
PK 17.4 0.09 15.2 4.7 
SK 14.3 0.37 12.1 5.0 
Fe K 1.7 0.19 0.8 8.5 
Nik 2.5 0.28 1.1 7.8 
Zn K 7.1 0.33 2.9 4.9 
SrL 0.6 0.15 0.2 11.2 
Mo L 17.6 0.85 5.0 5.4 
Cd L 1.5 0.23 0.4 17.8 
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Fig. 9. Elemental analysis of the third layer 
Mark 3 
3 
2 
1 + 
0 r t t t 


Fig. 10. Change of adhesion of the third coating layer depending on its thickness 
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Discussion and Conclusion. According to the results, the sample obtained at a heat treatment temperature of 350°C 
and exposure for one hour provides the lowest possible coefficient of friction for this coating. According to the authors, 
this is due to the fact that an increase in temperature above 350°C causes the appearance of oxide structures that 
increase the coefficient of friction. The temperature below 350°C does not allow the formation of phosphorus- 
containing phases that increase the antifriction properties of the third layer, which corresponds to previous studies [15]. 

The results obtained will increase the durability of the unit itself, reduce the wear of the ridges of wheels and rails 
and improve transportation safety. 

The obvious advantages of the proposed solution include the facts that it: 

— does not require fundamental changes in the design of the friction unit; 

— is characterized by the simplicity and manufacturability of coating; 

— does not require significant material costs; 

— does not cancel the use of routine lubrication, but complements it; 

— is universal. 

The proposed solution may well be applied in any units, for example, in coupling devices of automobile rolling 
stock, various assemblies of lifting and transport machines, units of technological equipment, etc. 


References 

1. Bykov BV. Konstruktsiya i tekhnicheskoe obsluzhivanie gruzovykh vagonov. Moscow: Zheldorizdat Transinfo; 
2006. 125 p. (In Russ.) 

2. Pavlitskii BI. Povyshenie nadezhnosti oporno-povorotnykh ustroistv na osnove printsipa postroeniya adaptivnykh 
sistem. Author’s thesis. Rostov-on-Don; 2018. 138 p. (In Russ.) 

3. Demyanov AA, etal. Shkvornevaya Sistema. Patent RF, No. 2513093. 2014. 5p. URL: 
https://www.freepatent.ru/patents/25 13093 (accessed 02.10.2023). (In Russ.) 

4. Demyanov A, Demyanov A, Pavlitskiy B, Sherbakov I, Shapshal A, Shapsha S. Reliability improvement of heavy 
machineries friction units. In: JOP Conference Series: Earth and Environmental Science. 2019;403:012015. 
https://doi.org/10.1088/1755-1315/403/1/012015 

5. Fedyaeva EA, Olshevskii AA. Modelirovanie iznosa pyatnikovogo uzla gruzovogo vagona. Bulletin of Bryansk 
state technical university. 2009;(3(23)):83—86. (In Russ.) 

6. Motovilov KV (ed.), Lukashuk VS, Krivorudchenko VF, Petrov AA. Tekhnologiyva proizvodstva i remonta 
vagonov. Moscow: Marshrut; 2003. 382 p. (In Russ.) 

7. Shashkeev KA, Popkov OV, Yurkov GY, Kondrashov SV, Ashmarin AA, Biryukova MI. Composite tribological 
materials based on molybdenum disulfide nanoparticles and polytetrafluoroethylene microgranules. Russian Journal of 
Applied Chemistry. 2016;89(4):644-649. https://doi.org/10.1134/S10704272 16040194 

8. Xiaoming Chen, Liuyang Zhang, Cheol Park, Catharine C. Fay, Xianqiao Wang, Changhong Ke. Mechanical 
strength of boron nitride nanotube-polymer interfaces. Applied Physics Letters. 20153;107(25):253105. 
https://doi.org/10.1063/1.4936755 

9. Kucernak ARJ, Venkata N Naranammalpuram Sundaram. Nickel phosphide: the effect of phosphorus content on 


hydrogen evolution activity and corrosion resistance in acidic medium. Journal of Materials Chemistry A. 
2014;2:17435-17445. https://doi.org/10.1039/c4ta03468f 
10. Kumaravelu P, ArulvelS, Kandasamy J. Coatings and surface modification techniques for additive 


manufacturing in innovations in additive manufacturing surface. In: Khan M.A., Jappes J.T.W. (eds) Innovations in 
Additive Manufacturing. Springer Tracts in Additive Manufacturing. Springer, Cham. 2022. P. 221-238. 
http://doi.org/10.1007/978-3-030-89401-6_10 

11. Ren Ping, Zhang Shangzhou, Qiu Jianxun, Yang Xiaoyang, Wang Weiwei, Li Yang etal. Self-lubricating 
behavior of VN coating catalyzed by solute Ag atom under dry friction and oil lubrication. Surface and Coatings 
technology. 2020;409:126845. http://doi.org/10.1016/j.surfcoat.2021.126845 

12. Ji Lianggang, Chen Zhaogiang, Guo Runxin, Xu Chonghai, Guo Niansheng. Preparation of nano-coating powder 
CaF2Al(OH)3 and its application in Al203/Ti(C,N) self-lubricating ceramic tool materials. Ceramics International. 
2020;46(10.B):15949-15957. http://doi.org/10.1016/j.ceramint.2020.03.144 


Demyanovy AA, et al. Wear Reduction in Heavily Loaded Units of Transport Vehicles 


13. Pinate S, Leisner P, Zanella C. Wear resistance and self-lubrication of electrodeposited Ni-SiC:MoS2 mixed 
particles composite coatings. Surface and Coatings technology. 2021;421:127400. 
https://doi.org/10.1016/J.SURFCOAT.2021.127400 

14. Shcherbakov IN, Trofimov GYe, Derlugyan PD, Loginov VT, Gerken NV. Sposob  polucheniya 
kompozitsionnogo antifriktsionnogo pokrytiya. Patent RF, No 2556155. 2015. URL: 
https://patents.s3.yandex.net/RU2556155C2_20150710.pdf (accessed: 02.10.2023) (In Russ.) 

15. Shcherbakov IN. Receiving features and properties of the composition multilayered solid lubricant coatings. 
Bulletin of Higher Educational Institutions. North Caucasus region. Technical Sciences. 2016;(2):97-101. 
https://doi.org/10.17213/0321-2653-2016-2-97-101 (In Russ.) 

16. Scherbakov IN, Ivanov VV, Derlugian PD, Loginov VT. Preparation and properties of a composite solid 
lubricating coating. Bulletin of Higher Educational Institutions. North Caucasus region. Technical Sciences. 


2015;(4):89-92. https://doi.org/10.17213/0321-2653-2015-4-89-92 (In Russ.) 


Received 05.10.2023 
Revised 18.10.2023 
Accepted 01.11.2023 


About the Authors: 


Aleksey A. Demyanov, Cand. Sci. (Eng.), Associate Professor, Associate Professor of the Transport Systems and 
Logistics Department, Don State Technical University (1, Gagarin Sq., Rostov-on-Don, 344003, RF), SPIN-code: 8504- 
0447, ORCID, ScopusID, alexys61@yandex.ru 


Igor N. Shcherbakov, Cand. Sci. (Eng.), Associate Professor, Associate Professor of the Transport Systems and 
Logistics Department, Don State Technical University, (1, Gagarin Sq., Rostov-on-Don, 344003, RF), SPIN- 
code: 6729-6905, ORCID, ScopusID, ResearcherID, bdd-don@mail.ru 


Claimed contributorship: 


AA Demyanov: formulation of the basic concept, processing of the research results, provision of resources, 
preparation of the text of the article; 

IN Shcherbakov: preparation of the experiment, testing of samples, processing of the research results, preparation of 
the text of the article. 


Conflict of interest statement: the authors do not have any conflict of interest. 


All authors have read and approved the final manuscript. 


Tlocrynuaa B pexakunro 05.10.2023 
Tlocrynuia nocae peyen3suposanna 18.10.2023 
I[puusra k nyOsnkayun 01.11.2023 


O6 aemopax: 
Asgekceii Anlekcanaposu4 JIeMbaAHOB, KaHWjaT TeXHM4YeCKHX HayK, JOUCHT, OWeCHT Kadeypbl 9KcIIyaTauHu 
TpaHCHOpTHbIx CHcTeM HM JOorucTuku JJoHCKOM rocyyapcTBeHHbI TexHHYecKu yHuBepcuTeT (344003, P®@, r Poctos- 


Ha-Jlony, mm. Parapuua, 1), SPIN-Kog: 8504-0447, ORCID, ScopusID, alexys61@yandex.ru 


Vropp Huxkonaesuy LUlep6akos, KanquyaT TexHwyecKux HayK, JOUCHT, AOWUeHT Katexppl 9KciiyaTauMu 
TpaHCHOpTHBIX cHcTeM uM NorucTuKH J[oHCKoro rocyfapcTBeHHOrO TexHWYecKoro yHuBepcuTeta, (344003, PO, 
r. Poctos-Ha-Jlony, mm. arapuna, 1), SPIN-Kon: 6729-6905, ORCID, ScopusID, ResearcherID, bdd-don@mail.ru 


Chemical technologies, Materials sciences, metallurgy 


129 


https://bps-journal.ru/ 


130 


Safety of Technogenic and Natural Systems. 2023; 7(4):119-130. eISSN 2541-9129 


3AABIEHHbIU BKI1AO CoOaBMOpos: 

A.A. JlempsHop — (bopMupoBaHve OCHOBHOM KOHIenHu, OOpaborKa pe3yIbTaTOB UccMeqOBaHHu, oOecreyeHue 
pecypcaMnu, MoyroTOBKa TeKCTa CTaTBH. 

V.H. UWepoaxon — nogroTopKa 3KCMepHMeHTa, MCIIbITaHuM OOpa3zloB, OOpaboTKa pe3ylbTaTOB UcceqOBaHHi, 
MOTOTOBKa TeKCTa CTaTbH. 


Kondauxm unmepecos: aBropbl 3aABsIAIOT OO OTCYTCTBHM KOH(MIMKTa MHTepecos. 


Bce aéemopbl npowmau u odo6pusu OKOHYAMEIbHbIU 6apuaHm pyKonucu. 


